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ABSTRACT 
 
In water-cooled nuclear reactors, various species are present in the coolant, either 
in ionic solution, or entrained as very fine particles.  Most arise from corrosion of 
primary circuit surfaces, or from chemicals, such as boric acid, lithium 
hydroxide, zinc and hydrogen, deliberately added to the coolant. These materials 
deposit on the surfaces of fuel pins, typically in the upper regions of the core, 
forming what is generally termed “crud”.  This thesis reports a study of the 
thermal-hydraulic consequences of this deposit. These crud deposits are 
generally found to contain a large population of through-thickness chimneys, 
and it is believed that this gives rise to a wick-boiling mechanism of heat transfer. 
A coupled two-dimensional model of the processes of heat conduction, advection 
and species diffusion in the crud has been developed. An iterative scheme has 
been employed to solve the set of coupled equations of each process. The wick 
boiling process has been found to be an efficient heat transfer mode, taking away 
about 80% of the heat generated. 
It has also been found that consideration of heat transfer in the clad can increase 
the predicted solute concentration in the crud. The effects of some important 
parameters, such as chimney density, chimney radius, porosity of the crud, crud 
thickness, clad heat flux and boron concentration in the coolant have been 
investigated. The fuel thermal performance has been characterized in terms of an 
effective crud thermal conductivity, and the non-linear dependence this has on 
parameters such as crud thickness and chimney density had been determined. 
Lastly, it is observed that plausible pore sizes of the crud, coupled with higher 
temperatures in the crud, may be such that a film of vapour is generated at the 
base of the crud. Initial estimates are presented of the cladding temperatures and 
solute concentration that may be generated as a consequence of this vapour 
layer. 
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CHAPTER 1  
INTRODUCTION 
          
Heat transfer surfaces in most boiling systems become coated with various types 
of deposits, which are often called ‘crud’. In a Pressurised Water Reactor (PWR), 
crud is usually a term given to corrosion product deposits on fuel cladding and 
on primary system components such as steam generator tubes etc (Yagnik (2000), 
Janney, et al. (2007)). Crud deposited on fuel cladding takes a variety of physical 
and chemical forms that change over the life of the fuel. These layers are 
chemically very complex and have porosities in the range of 65-80%. They are 
composed mostly of corrosion products such as metal oxides but also contain 
various salts present within the coolant. Various studies have shown that in 
PWRs, water becomes corrosive at high temperature and pressure and the 
corrosive nature is further enhanced by decomposition of water through 
radiolytic decomposition arising from the radiation present in the core (Gorman, 
et al. (2005), Rafique (2006)). The major circulating corrosion products in the 
coolant are iron oxide and nickle oxides and the fuel crud is mainly consisted of 
them. Nickel comes from steam generator tubes and iron from hot and cold leg 
of the primary coolant system.  The crud deposits also contain a large fraction of 
nonstoichiometric NixFe3-xO4 and nickel iron oxyborate (Ni2FeO2(BO)3) 
(Armstrong, et al. (1999), Frattini, et al. (2002), Chen (2000), Bosma, et al. (2004), 
Bili Nejad, et al. (2005), Sawicki (2008)).  
The crud layer causes a variety of problems, including increased cladding 
corrosion, by either increased cladding temperatures or changed chemical 
conditions, or some combination thereof, and power distortions and reductions 
due to the undesirable accretion of boron into the crud layer.  Since boron is a 
strong absorber of neutrons, the neutron flux may be reduced in the region 
(usually near the top of the core) where crud occurs. This effect is known as  
‘axial offset anomaly’ (AOA) (Frattini, et al. (2000), Deshon (2004), Blok, et al. 
(2006), Yang, et al. (2006), Delegard, et al. (2009)). 
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Axial offset anomaly is a phenomenon in which the neutron flux and hence the 
power output skews downwards from the upper to the lower part of the core. 
More precisely, the axial offset is the integrated power output in the top half of 
the core minus the integrated output in the bottom half, all divided by the total 
power output. A negative axial offset indicates a power distribution skewed 
towards the bottom of the core (Bennett, et al. (2004)). To date a total of 18 fuel 
cycles in eight different PWRs have experienced axial offset anomaly. The 
presence of AOA can cause severe operational problems and as a result of this, 
very large economic penalties may occur (Armstrong, et al. (1999)). 
The purpose of the present study is to model the heat transfer process from fuel 
clad to coolant in the crudded zone (and hence the clad surface temperature) and 
to predict the concentrations of chemical species within the porous crud layer. 
Both the clad temperature and the species concentrations are important in 
assessing the corrosion resistance of clad. The main focus of the work on 
chemical species has been on boron concentration; this is important in 
predictions of AOA in plants. 
1.1 Heat and Chemical Species Transport in Crud 
The usual mode of heat transfer from the fuel clad to the coolant is single-phase 
convection. However, in the presence of crud, the heat transfer mechanism 
changes depending upon the structure of the crud. Basically, there are two 
possible mechanisms for heat transfer through the crud, namely conduction and 
wick boiling. In conductive heat transfer, the crud acts like a thermal resistance 
and a very high temperature difference may exist across the crud thickness. In 
wick boiling, on the other hand, paths are created for the creation and discharge 
of vapour within and from the crud and the heat transfer is much easier than is 
for the case of conduction. Generally in PWRs, the observed temperature 
differences between the clad surface and the coolant are much lower than those 
predicted by wet crud conduction models, which supports the hypothesis that 
wick boiling has an important role in heat transfer in this region (Macbeth 
(1971)). A possible explanation for the wick boiling mechanism is provided by 
examination of the crud layer structure.  Post-irradiation examination indicates 
that the crud is not a homogeneous porous solid but, rather, that it contains 
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relatively coarse interconnected passageways, where vaporization is able to 
occur. These coarse vapour channels are called steam chimneys. The mouths of 
these steam chimneys are visible in Figure 1.1, and their paths are visible in the 
sections of Figure 1.2. The existence of the wick boiling mechanism implies that a 
complex set of coupled phenomena governs the heat and mass transfer 
behaviour, including conduction, porous medium flow and migration within 
that flow of various dissolved species. Water penetrates into the crud through 
the porous crud structure, evaporates at the chimney face and then escapes 
through the chimneys into the sub-cooled coolant, where it condenses.  
The evaporation at the chimney face provides the capillary force, which draws 
water from the coolant-crud interface to the chimney face through very fine 
interconnected capillaries. The flow will bring with it whatever species are 
dissolved in the coolant. Little of the dissolved material will evaporate at the 
chimney face and a high concentration will build up near the clad surface where 
most of the evaporation occurs. This concentration increase will be limited by the 
diffusion of the dissolved material back down the concentration gradient. The 
presence of a concentrated solute at the chimney surface will affect the saturation 
temperature at the chimney face, which will in turn influence the heat transfer 
process. If the solute is boric acid, which is added to coolant for reactivity 
control, then high concentrations of boron in the crud may lead to AOA. Species 
precipitation and inter-species reactions are also reported in the literature 
(Henshaw, et al. (2006)). 
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Figure 1.1 
Top view of PWR crud. Note the presence of chimneys (Joe, et al. (2002)). 
 
 
Figure 1.2 
Sections through crud. Note the sectioned ‘chimneys’. Photographs reproduced 
from Byers (2010). 
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1.2 An Overview of The Present Study 
The overall objective of this work was to develop a more representative two-
dimensional model that couples the processes which are involved in heat transfer 
though a crud layer in which wick boiling is occurring. These processes include 
heat transfer through the wet crud, advection and diffusive flow of dissolved 
species within the crud and evaporation at chimney surfaces to remove heat and 
generate steam.  It is important to take account of the elevation the boiling point 
(saturation temperature) due to species concentration at the chimney surface; this 
has a significant effect on the heat transfer process.  
The first stage of this work was to understand the physical processes that 
actually occur in PWR crud and then to develop a coupled two-dimensional 
wick-boiling model to represent these processes.  This was achieved by 
developing suitable partial differential equations (PDE’s) to represent each of the 
processes. Finally, by using a finite volume numerical technique, these coupled 
PDE’s were solved to predict the temperature and species concentrations in the 
crud.  
The second stage of this study was to extend the wick boiling model to include 
the clad itself in the heat transfer analysis and then to apply this extended model 
to a parametric survey of the influence of the principal system variables on heat 
and mass transfer in the crud. The parameters studied included porosity, crud 
thickness, chimney radius, and chimney density.  
In the first two stages of the work, it was assumed that vapour formation 
occurred only at the chimney surfaces. However, circumstances can occur in 
which the temperature of the clad surface in the regions between the chimneys 
becomes high enough to lead to vapour formation in these regions. The objective 
of the final stage of this work was to investigate this case.  A vapour layer of 
fixed thickness was assumed at the bottom of crud with evaporation now both at 
the chimney face and at the bottom of crud. The effect of the vapour layer on 
temperature and species concentration distribution has been quantified by 
comparing the results with the original 2D model in the absence of such a layer.  
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The 2D coupled model developed in this work provides a framework within 
which further, more sophisticated, physical chemistry models can be 
incorporated in the future. 
1.3 Thesis Outline 
In Chapter 2, an extensive literature review on crud is presented. It includes a 
description of axial offset anomaly and its root causes, structural characteristics 
of crud, past modelling efforts and crud mitigation strategies. Chapter 3 
describes the physical basis of the wick-boiling model; this Chapter presents the 
detailed description of conservation equations for heat transfer, fluid flow and 
solute transport. It also discusses boundary conditions and the coupling 
procedures. In Chapter 4 a detailed description is given of the methodology used 
for the solution of the advection-diffusion equation by a finite volume technique.  
This Chapter also describes the solution procedure, solver and mesh convergence 
criteria. Chapter 5 contains results for heat and mass transfer in a crud typical of 
those found in PWR conditions; the distribution of temperature, fluid flow and 
species concentration in this porous crud are described as are details of the heat 
transfer mechanism via wick boiling. Chapter 6 presents comparisons between 
one-dimensional models and two-dimensional models for crud behaviour. 
Previous models of transport processes in crud were one-dimensional in nature 
whereas the main model used in the present work was two-dimensional. In 
Chapter 6, a detailed analytical solution of a 1D model is given whose basic 
assumptions were consistent with the numerical 2D model used in the present 
work. Comparisons between the 1D and 2D models revealed significant 
differences between them. Chapter 7 contains the results of a two-dimensional 
model that includes the clad in the heat transfer analysis. This work also includes 
the results of a parametric study on heat and mass transfer distribution in the 
crud. Using the wick-boiling model, the effective thermal conductivity of crud is 
calculated and the results are presented in Chapter 8. In Chapter 9, the formation 
of a vapour layer under the crud layer and its effect on temperature and solute 
distribution are discussed. Finally, Chapter 10 summarises the conclusions from 
the studies and outlines possible areas for future work.  
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CHAPTER 2 
LITERATURE REVIEW 
 
The formation of deposits (crud) on surfaces is a very complex process which 
occurs in many industries such as petroleum, oil and gas, power generation 
(including nuclear power generation) desalination etc (Esawy, et al. (2009)). This 
Chapter presents a literature survey of crud formation and modelling with 
particular reference to nuclear power plant.  The literature review will cover axial 
offset anomaly (Section 2.1), structural properties of crud (Section 2.2), crud 
thermal conductivity (Section 2.3), saturation temperature of boric acid solutions 
(Section 2.4), experimental studies for crud formation (Section 2.5), modelling of 
heat and mass transfer in cruds (Section 2.6), and mitigation strategies for crud 
minimisation (Section 2.7).  
2.1 Axial Offset Anomaly (AOA) 
The term ‘axial offset’ was originally defined for Westinghouse power plants and 
is the difference in power between the top and bottom halves of the core divided 
by the total core power (Strasser, et al. (1997), Deshon (2004)). Mathematically, it 
can be written as: 
 Axial  offset = Pt ! Pb
P
t
+ P
b
"
#$
%
&'
  (2.1) 
where, 
Pt = Integrated power output in the top half of the core 
Pb = Integrated power output in the bottom half of the core 
A negative value of axial offset signals the occurrence of axial offset anomaly 
(AOA). AOA can place a significant burden on plant operation and can cause 
severe economic penalties (Abdel-Khalik, et al. (2005)). It has been reported that 
axial offset anomaly occurs due to four interrelated conditions at the surface of a 
nuclear fuel element. The four physical processes shown in Figure 2.1 are: 
• Sub-cooled nucleate boiling (SNB) 
• Corrosion product deposition 
• Boron in primary coolant  
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• Reaction of species among themselves 
Each of these processes are discussed in what follows.  
Sub-cooled Nucleate Boiling (SNB). It has been speculated that the boiling 
process promotes the development of crud. In PWRs sub-cooled nucleate boiling 
(SNB) occurs only at the upper half of the core and is one of the most efficient 
means of energy transfer. Coolant in the form of single phase water enters from 
the bottom of the core with a temperature typically 45 – 55 oC below the 
saturation temperature (i.e it has a subcooling of 45 – 55 oC).  Initially, the 
dominant mechanism of heat transfer from the fuel surface to coolant is single 
phase forced convection. However, as the coolant passes up through the core its 
temperature rises and the high wall heat flux brings the cladding wall 
temperature to a value slightly above the saturation temperature (Pattarabhiran 
(2008)). 
Sub-cooled nucleate boiling starts when the bulk of the coolant is still below the 
saturation temperature, but where the liquid adjacent to the clad surface is 
superheated. Bubble formation will start at the upper outer periphery of the fuel 
rod at certain sites called nucleation sites. These nucleation sites are slight 
imperfections (scratches, grinding marks etc) where initially stationary bubbles 
form as shown in Figure 2.2.  Evaporation occurs at the base of the bubble but 
bubble growth is limited by condensation at the top of the bubble which is in 
contact with the sub-cooled coolant flow.  As the coolant gets hotter as it moves 
up the channel, the superheated layer adjacent to the clad surface increases in 
thickness and the bubbles can now grow sufficiently to be removed from the 
surface. These bubbles travel for a short distance along the channel before 
condensing. The process of sub-cooled nucleate boiling (SNB) is thus established 
and is a more efficient means of heat transfer than single phase forced convection. 
Thus, the heat transfer coefficient in sub-cooled nucleate boiling is much greater 
than in forced convection and the wall temperature for a given heat flux is 
reduced, which makes SNB a desirable process in PWRs (Deshon (2004)). The 
effect of fuel surface temperature on heat flux for forced convection and nucleate 
boiling is illustrated in Figure 2.3. 
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Figure 2.1 
Factors contributing to axial offset anomaly. 
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Figure 2.2 
Mechanism of sub-cooled nucleate boiling (Mahlon (2004)).  
 
 
 
 
Figure 2.3 
Schematic of heat transfer mechanism (Deshon (2004)).  
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The formation and growth of bubbles in SNB plays an important role in crud 
deposition.  An area of stagnation is created in the coolant both upstream and 
downstream of the bubble. As the bubble grows, coolant is vaporized at the 
bubble/coolant interface. Son, et al. (1999) and Malayeri, et al. (2004) state that 
beneath the bubbles a micro layer exists in which soluble solute concentration 
increases due to preferential evaporation. If the concentration of the solute in this 
layer reaches a high enough value, then crystal nuclei will start to form and a 
deposit layer builds up. Bai, et al. (2001) simulated the nucleate boiling process 
and found a higher concentration of aqueous boron in the vicinity of the cladding 
of fuel rods. A similar numerical study (Jones (2005)) explained the effect of 
bubbles on crud formation and showed that boron concentration varies along the 
bubble interface; the maximum concentration was found to occur at the 
intersection of the bubble interface and the heated wall. One experimental study 
(Dhir, et al. (2003),) verified the high concentration of solute at the bubble-wall 
interface and measured a 50% increase of soluble species near the bubble. This 
high concentration may lead to the deposition of solids and these may remain on 
the surface after bubble departure. After reactor shutdown, most of the crud was 
observed on the upper half of the fuel elements where SNB is considered 
dominant. However, some reactors did not experience AOA and heavy crudding 
even with a high degree of SNB which clearly shows that there are factors other 
than SNB which contribute to crud deposition (Deshon (2004)). 
Corrosion Product Deposition. Corrosion products in reactor coolants exist in 
either dissolved or particulate form. The main source of the corrosion products is 
from the steam generator tubes and the hot and cold leg pipings. Generally, 
higher temperature and lower pH accelerate the corrosion process and the release 
of corrosion products in steam generators. The steam generator tubes are made of 
Alloy 600, Alloy 690 and Alloy 800 and the major metallic components of these 
alloys are Ni, Fe and Cr (Cohen (1980), Wood (1995), Gilmore, et al. (1996)). In fact 
most of the crud structure is comprised of corrosion products. During normal 
reactor operating cycles, old fuel from the periphery of the core is re-inserted to 
the centre of the core for better fuel burn up. The crud layers measured on the 
twice-burned centrally located fuel assemblies were significantly thicker than 
those on the fresh fuel located on the periphery (Deshon (2004)). 
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Boron in Primary Coolant. Boron in the form of boric acid is added to the 
primary coolant for reactivity control (Ocken, et al. (2001)). Boron precipitation in 
crud is one of the major sources of AOA. Boron could reside in porous crud 
layers by two possible mechanisms. The first mechanism is through molecular 
diffusion and mass convection. The molecular diffusion results from solute 
concentration gradients in the porous crud layers while mass convection is 
induced by flows through the crud towards the chimneys (small vapour tunnels 
in crud) where evaporation of the water is occurring. The second mechanism is 
that of boron hideout in porous crud layers through adsorption. It was also stated 
that higher fuel burn up can also increase boron deposition (Fruzzetti, et al. 
(2000), Bosma, et al. (2004), Deshon (2004), Song, et al. (2003), Shultis, et al. 
(2006)). Figure 2.4 shows the amount of boron hideout required on the upper part 
of the core in order to induce the observed AOA.  
 
 
 
Figure 2.4 
Boron required to deposit on the top half of the core to account for the observed 
AOA (Deshon (2004)).  
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Reaction of Species Among Themselves. The interaction of radiation (alpha 
particles, gamma rays and fast neutrons) with water in the crud layer forms 
molecular (H2, O2, H2O2) and radical (H+, OH-, HO2-) species (Millet (1999), Joe, et 
al. (2003), Henshaw, et al. (2006)). The presence of these species often causes 
corrosion through a combination of oxidation and reduction.  
Other than that, different dissolved metallic ions such as Ni, Fe reacts with water 
to form Nickel Ferrite and Bonaccordite (Ni2FeBO5) etc. Examples of some of the 
reactions are as follows: 
 
 
3Fe
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2
aq( )  (2.3) 
 At a very high temperature within crud, Li reacts with boron to form lithium 
metaborate (LiBO2) which has a retrospective solubility with respect to 
temperature (i.e. solubility drops as temperature is increased and vice versa) 
(Henshaw, et al. (2006)) . 
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3
 (2.4) 
The occurrence of these reactions within the porous crud structure can also lead 
to AOA. 
2.2 Structural Properties of Porous Crud Deposits  
The behaviour of crud deposits on fuel rod surfaces is strongly affected by 
deposit structure and thickness. The characteristics of the porous crud deposits 
depend upon the thermal hydraulics as well as water chemistry in the primary 
coolant. 
The porous deposits on the heating surfaces can be divided into two types: 
without chimneys (homogeneous porous structure) and with chimneys (chimney 
type deposits with heterogeneous porous structure). Homogeneous type deposits 
are usually found in single phase systems while chimney type deposits are 
associated with the occurrence of boiling (Shi, et al. (1996)). The structure of the 
deposited corrosion products on PWR fuel elements has been found to be porous 
with densely populated chimneys as shown in Figure 2.5 and Figure 2.6. 
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Figure 2.5 
Porous deposition on fuel pins (Blondel, et al. (2005)). 
 
 
 
 
 
 
Figure 2.6 
Porous crud layer with steam chimneys (Henshaw, et al. (2005)). 
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These chimneys are produced as a result of boiling through the porous deposits. 
A homely example of chimney formation is found in cooking rice in a rice cooker 
with evaporation near the heating surface. These chimneys act as venting 
channels, which expels vapour to the bulk coolant. 
In 1971, Macbeth et al described the structure of the porous crud deposits. They 
found uniformly distributed steam chimneys penetrating downwards into the 
deposits (Macbeth (1971), Macbeth, et al. (1971)). Later Cohen (1974), Pan, et al. 
(1985) and Henshaw, et al. (2006) also described  the structure of  cruds. The 
general characteristics of porous cruds observed in different boiling facilities are 
shown in Table 2.1. 
 
Table 2.1 
The general characteristics of crud observed in different boiling facilities. 
 
Characteristics Units Macbeth 
(1971) 
Cohen 
(1974) 
Pan 
(1985) 
Henshaw 
(2006) 
Crud Porosity  0.65- 0.75 0.7 0.8 0.8 
Pore size  µm 0.1-0.5 <0.1 <0.1 __ 
Magnetite Crud Thickness  µm 50 200 25 59 
Chimney radius  µm 2.5 2.5-5.0 2.5 2.5 
Chimney density  #/mm2 5000 5000 3000 3000 
Average distance between 
chimneys  
µm 14 14    
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2.3 Thermal Conductivity of The Crud 
Thermal conductivity of the crud is a strong function of porosity of the crud and 
can have a significant effect on the surface temperature of the heating surface 
(clad). Pan, et al. (1985) and Blondel, et al. (2005) reported the following Maxwell 
formula for the thermal conductivity of the crud which accounts the effect of the 
particulate phase of crud as well as the liquid phase in the pores.  
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In the above equations, 
 
k
p
is the thermal conductivity of the particulate matter, 
 
k
l
is the thermal conductivity of the liquid inside crud and !  is the porosity of the 
crud. Note that the Maxwell formula is valid only for porosity greater than 50%. 
The thermal conductivity of the crud is strongly dependent on the porosity of the 
crud. The porous layer is mostly composed of oxides of different metals; crud 
thermal conductivities reported in literature are in the range 1-1.5 Wm-1K-1 (Pan, 
et al. (1985)).  
2.4 Saturation Temperature of Aqueous Boric Acid Solutions 
The increase in species concentration in the solution within the crud raises the 
saturation temperature of water. As discussed above, boron is added in the 
coolant in the form of boric acid to regulate the long-term reactivity of the core. 
Boron absorbs neutron and the neutron activity will be affected by increasing or 
decreasing the boron concentration in the coolant (Duderstadt, et al. (1976)).The 
physical and thermodynamic properties of the solution within the crud are 
determined by the concentration of boric acid since it has a much higher 
concentration than the other dissolved species. The other dissolved specie is 
Lithium, which is added in the form of lithium hydroxide and is used to counter 
the acidic effects of the boron additive. The typical boron and Lithium 
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concentrations in the coolant are 1200 ppm and 2 ppm respectively (Mahlon 
(2004)). 
A chemistry model (APACT) was used by Dickinson, et al. (2005) to derive the 
parameterised equations for the properties of aqueous boric acid solutions. The 
relationship between saturation temperature and boric acid concentration 
calculated from APACT was as follows:  
 
 
T
sat
= 421.86x
2
3
! 71.998x
2
2
+152.9x
2
+ 618.16      (2.7) 
where x2 is the boric acid mole fraction and is related to molar concentration c2 
using the following equation : 
   
 
c
2
= 1000x
2
!l   (mol/dm3)               (2.8) 
where 
 
!l is the density(mol/dm3) of the liquid phase. 
2.5 Experimental Studies of Crud Formation and Behaviour 
Crud formation is a very complex phenomenon and depends upon the physical 
properties of the coolant, its composition and on whether boiling is occurring. 
Many experiments have been done in order to understand the complex processes 
of crud formation and the mechanisms of heat transfer through crud deposits.   
As noted earlier, crud is a transportable solid product, which results from the 
corrosion of the reactor surfaces (zircolay cladding and steam generator piping) 
in the primary loop (Mahlon (2004)). Due to the very high radioactivity levels 
involved, it is not feasible to collect samples from the core. Therefore, all the 
experimental studies are based on the preparation of synthetic crud in the 
laboratory.  
Fletcher developed, in the early 1960s, a technique for the preparation of synthetic 
cruds which were quite similar to natural cruds. One of the synthetic cruds he 
prepared contained 48-70% Fe and 4-13% Ni, with small amounts of Co, Mn and 
Cr. This synthetic crud was used to study boron absorption in the crud in a high 
temperature autoclave. His findings show that boron adsorbs in the oxide layer 
and that the adsorbed amount depends upon the temperature and the local boron 
concentration in the solution (Fletcher (1964)). 
Another study has been conducted by Yagnik (2000) in the Cirene loop, a crud 
deposition facility at Cadarache, France, in order to obtain crud deposition rate as 
a function of flow rate, coolant chemistry and bulk Fe and Ni concentrations 
under PWR conditions. Four electrically heated Zircaloy (Zr-4) rods in a matrix of 
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2 x 2 were used in a prototypic PWR fuel assembly geometry. The loop was 
equipped with a chemical volume control system in order to implement external 
injection of ionic species (Fe, Ni etc).  Yagnik did not find thick crud even with 
external injection of dissolved metallic ions; the crud layers they found were iron 
rich and had thicknesses ranging from 2µm to 20µm. Yagnik also found that there 
was a  significant effect of boiling on crud structure. 
In 2003, Dhir et al performed experiments using Zr-4 rod bundles arranged in a 3 
x 3 matrix with boron solutions. The concentration of boron was fixed at 7000 
ppm and the maximum pressure was up to 3 bars. They found an increase of crud 
thickness as a function of time coupled with a reduction of the single phase heat 
transfer coefficient due to the presence of crud on the zircaloy surface. They also 
found that after the boron deposition on the zircaloy rods, the nucleation site 
density and boiling heat flux increased at a given wall superheat (Dhir, et al. 
(2003)). 
In 2004, Bennett et al studied PWR crud by simulating PWR water chemistry and 
thermal hydraulics conditions at the Halden power plant. The experiments were 
performed in a pressure flask located in a fuel channel of the Halden reactor and 
connected to a test loop to simulate PWR water chemistry and thermal hydraulics 
conditions. Eight fuel rods were irradiated for 349 full power days. Ni, Fe-EDTA 
and boron were used as corrosion products and the crud formation process and 
AOA phenomena were analysed.  The deposits had a high Ni/Fe ratio (Bennett, 
et al. (2004)). 
Mahlon describes (in 2004) work at the Georgia Institute of Technology which 
was aimed at studying and simulating conditions leading to AOA in PWRs by 
designing a test facility for crud formation. There were three main systems in the 
experimental rig; test loop, coolant preparation system and data acquisition 
system. Zr-4 wire was used as a test specimen for crud deposition. The maximum 
pressure and temperature in the test facility was 2500 (Psig) and 650 (oF)  
respectively. Boric acid crystals, lithium hydroxide, iron and nickel compounds 
were used as corrosion products. Analysis revealed the presence of lithium tetra 
borate (Li2B4O7) in the crud layers and the maintenance of a pH value of 7.1 was 
suggested as a crud mitigation strategy (Mahlon (2004)). Another experimental 
study also found lithium tetra borate in the crud (Doncel et al (2008)). 
In 2006, Yeon et al described the deposition behaviour of corrosion products 
under different experimental environments on a zircaloy tube in a high pressure 
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and high temperature test loop. The test loop was composed of a small reaction 
vessel, a rod type heater installed within the vessel, a pressuriser, a heat 
exchanger, a circulation pump and a chemistry control system. Nickel ions (Ni2+), 
ferrous ions (Fe2+), and colloidal hematite particles were used as a simulated 
corrosion product. Yeon et al found that heat treatment of the Zircaloy surface 
was very effective in reducing the iron oxide deposits whereas dissolved 
hydrogen promotes the iron oxide deposition. They also found that the iron oxide 
layer formed from Fe2+ ions did not influence the deposition of nickel oxide. 
However, an iron oxide layer formed from magnetite solutions promotes 
significantly the subsequent nickel oxide deposition (Yeon, et al. (2006)).  
In 2006, Doncel et al described experiments carried out at  Studsvik Nuclear AB 
(Sweden) on the deposition of boron-containing species on clean and pre-crudded 
zirconium (ZIRLOTM) rods under sub cooled nucleate boiling and PWR water 
chemistry conditions. In order to achieve typical PWR water chemistry 
conditions, an autoclave facility was designed. Pre crudded rods were prepared 
by first injecting iron and allowing this to precipitate for one day and then 
injecting nickel into the autoclave for further day. The axial length of the heated 
zone was about 0.055 m and the applied heat flux was about 80% of the average 
heat flux of a typical commercial PWR. Doncel et al showed that net-boiling  and 
sub-cooled boiling promote the formation of lithium and boron containing 
substances on heated Zirconium surfaces and that boron deposition increases 
with increasing pre-crud thickness and increasing pH (Doncel, et al. (2006)). 
Table 2.2 summarises the operating conditions and key parameters (pressure, 
temperature, heat flux, flow rate etc) used in the various crud formation facilities. 
 
 
 
 
Table 2.2 
 Comparison of operating parameters in different crud formation facilities.  
 
Parameters Gerogia 
Tech. 
 (2004) 
Yeon et al 
(2006) 
Doncel et 
al 
 (2006) 
Halden-In 
reactor (2003) 
Dhir et al  
(2003) 
Cirene loop  
(2000) 
Operating Pressure 
(bar) 
133 25 to 60 130  1 61 to 150 
Operating-
Temperature(oC) 310 280    300 
Heat Flux (Watt/cm2) 141  5 to 48  1 to 30 30 to 75 
Flow Rate (ml/min) 10 2300 20 to 30    
Corrosion products Ni, Cr, Fe, 
B Fe, Ni B,Li,Ni,H2, 
Ni,Fe-EDTA, 
boron boron Fe, Ni 
Boiling conditions SNB* SNB* SNB* SNB* SNB* SNB* 
Heating Rod Zr-4 zircaloy Zr-4 Zr-4 Zr-4 Zr-4 
*sub-cooled nucleate boiling 
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2.6 Modelling of Heat and Mass Transfer in Cruds 
There have been a number of studies aimed at modelling the heat and mass 
transfer processes occurring in crud layers. In what follows, some of the more 
important of these models are described.  
Macbeth Model (1971). Macbeth developed a one-dimensional hydraulic 
model of flow in a chimney-filled crud and studied the effect of chimney 
population. Crud was considered as a porous (pebble-like) structure; voids in 
this structure govern the system performance. Macbeth considered the voids 
to be of two types, namely fine capillaries and chimneys. The fine capillaries 
draw water from the coolant into crud through capillary action and transport 
the water to the steam chimney surfaces where it evaporates to form steam. 
The steam chimneys provide a channel for the escape of vapour as shown in 
Figure 2.7. 
All the heat transfer is assumed to take place through latent heat of 
vaporization with evaporation taking place from the outlet section of 
capillaries emerging in the lower part of the chimney. The model shown in 
Figure 2.7 assumes that in the fine liquid capillaries, the capillary force 
resulting from the fact that the capillaries have an open end where the 
capillary joins the chimney causes the liquid to be drawn through the 
capillary; this capillary force thus overcomes the pressure difference (P2-P1) 
arising from the liquid flow in the capillary and frictional losses. In the steam 
chimneys the vapour pressure (P2-P1) has to oppose the menisci pressure at 
steam capillary outlet, overcome friction and provide the kinetic energy of 
flow to the vapour. 
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Figure 2.7 
Macbeth proposed model of wick boiling. 
 
 
Mathematically the model equation can be written in the following form. 
Note that these equations are only given for background knowledge and not 
used in the present study. 
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In these equations,  N  is total number of capillaries per unit area of crud 
surface,  yN  is number of chimneys of diameter  Dv  per unit area of crud 
surface, 
 
1! y( )N  is number of fine liquid capillaries with diameter 
 
D
L
 per 
unit area of crud surface,  !m  is rate of liquid absorption per unit area of crud 
surface, 
 
!
eff
is effective voidage fraction of the crud, !  is the surface tension at 
the saturation temperature and pressure,  d  is the thickness of the crud and 
 
µ
L
and 
 
µ
v
are the viscosities of the liquid and vapour respectively at the 
saturation temperature and pressure. Hence for a given values of 
 
!
eff
, 
 
D
L
, 
 
D
v
 
and fluid properties, the above equation gives liquid absorption rate  !m  as a 
function of y. At maximum value of  !m , the maximum attainable heat flux 
(
 
Q
max
) can be determined as follows:  
 
 
Q
max
= !m.h
fg
 (2.14) 
where 
 
h
fg
 is the vaporization enthalpy of water. Macbeth found a maximum 
heat flux at a particular value of steam chimney population density and 
reported that there exist a fairly good agreement between the model 
predictions and the experimental measurements. Moreover, Macbeth also 
investigated the effect of system pressure on maximum attainable heat flux. It 
was reported that maximum heat flux is obtained at a pressure of 15 bars. 
Beyond this pressure, the maximum heat flux decreases drastically. 
Macbeth found that the optimum chimney population (the chimney 
population where maximum heat flux can be obtained) decreases with 
increasing system pressure and the typical chimney population observed at a 
system pressure of 1 and 69 bar is in the range of 5,000 chimneys/mm2.  
Although the Macbeth model can predict the optimum chimney distribution, 
it cannot determine the temperature elevation and solute concentration in the 
porous crud layer since it was purely a hydraulics model. 
Cohen Model (1974).  In 1974 Cohen developed a one-dimensional model for 
heat and mass transfer through a porous crud layer. The model was 
analogous to those applying to heat transfer along a fin. By considering an 
energy balance, heat was modelled as being conducted away from the 
cladding, and lost laterally via evaporation into the chimney. An inwards 
mass flow rate of water, sufficient to replace this evaporative loss, was then 
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computed. From this, an estimate of the temperature beneath the crud was 
obtained. The following equation was obtained to calculate the temperature 
distribution in the crud. 
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 (2.15) 
Where 
 
 
!
2
=
2"r
c
N
c
h
e
fk
 (2.16) 
 
 
! =
q
fk "
 (2.17) 
In the above equations,  x  is the through thickness distance,  d  is the thickness 
of the crud, 
 
T
o
 is the temperature at the coolant-crud interface, 
 
r
c
is the 
chimney radius, 
 
N
c
is the number of steam chimneys per unit area, 
 
h
e
 is the 
heat transfer coefficient in the steam chimney, f is the fraction of area 
occupied by porous crud, 
 
k is the thermal conductivity of wet crud and 
 q
 is 
the uniform heat flux applied at the bottom of crud. This model assumes that 
thermal conductivity in the radial direction (the direction normal to the 
chimney face) is infinitely large so that there is no temperature gradient in the 
radial direction. As the model is one dimensional, it over-estimates the 
temperature near the chimney wall and underestimates the temperature far 
away from the chimney. 
Cohen also developed a one-dimensional model for the transport of chemical 
species in the crud. By balancing the diffusion and convection of solute in the 
axial direction (direction normal to heating surface) and assuming that there 
is no flow of solute in the vapour stream; the following equation was been 
obtained for solute concentration. 
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where, D is the diffusion coefficient of the solute, 
 
!
w
 is the density of water, 
 
h
fg
 is the vaporization enthalpy of water and 
 
C
b
 is the bulk coolant 
concentration. The axial evaporation rate at the chimney face is obtained from 
the knowledge of heat transfer rate discussed above (Cohen (1974)). 
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Pan Model (1987). In 1985, Pan and Jones presented a two-dimensional 
analysis for computing the temperature distribution as a function of depth 
into the crud, and of the radial distance from the chimney. Pan assumed a 
single steam chimney with surrounding porous shell and used a steady state 
energy conservation equation for temperature distribution in the porous shell. 
In 1987, Pan et al presented an associated analysis of the concentrations 
reached of the various dissolved species in a chimney-populated crud, under 
wick boiling conditions. For concentration analysis, diffusion and advection 
of different species is assumed with in the crud.  The conservation equations 
were solved semi-analytically in order to find the Lithium concentration 
within the crud. 
 Whilst these analyses incorporated two-dimensional effects, they are not able 
to allow for the various interactions of different phenomena. The effects of 
heat flux, system pressure, porosity, particle diameter, chimney radius and 
crud thickness were investigated.  The models indicated that dissolved 
species concentration increased with crud thickness, with decreasing porosity, 
and with increasing chimney population (Pan, et al. (1985), Pan, et al. (1987)). 
Henshaw Model (2006). More recently, significant strides have been made in 
understanding of the physical chemistry of the crud, and its coupling to the 
associated thermal conditions. These advances were made by Henshaw, et al. 
(2006), building upon the work of Cohen (1974) . Henshaw et al developed a 
one-dimensional (through-thickness) model that couples thermal hydraulics 
with the water chemistry. Postulating heat transfer through wick boiling, they 
modelled the downward flow of water soaking through the crud and 
evaporating into steam at the surface of the chimneys. By considering an 
energy balance across the cell, the temperature distribution is given by the 
following equation: 
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T ! T
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where f is the fraction of area occupied by the crud, 
 
T
sat
is the saturation 
temperature of liquid, 
 
r
c
 is the chimney radius, 
 
N
c
 is the number of steam 
chimneys per unit area, 
 
h
e
 is the heat transfer coefficient in steam chimney 
and
 
k is the thermal conductivity of wet crud. The Henshaw model differs 
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from the Cohen model only in the way that it couples 
 
T
sat
 and vaporization 
enthalpy 
 
h
e
 with species concentration in the water. 
The species transport is modelled by considering convection of the bulk 
coolant through the crud, back diffusion from the heating surface to the bulk 
coolant and transport resulting from an electric potential gradient. 
Mathematically, it can be written as follows: 
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where C is the specie concentration in the liquid.  The first term on the right 
hand side of the above equation represents the change in specie concentration 
by chemical reaction, the second term represents the change in specie 
concentration by liquid/vapour partitioning and the last term is due to specie 
transport. !  is the porosity of crud.  
The molecular flux of specie 
 
J
1
in the above equation is given by: 
 
 
J
1
= !D
"C
"x
!
z
i
FD
RT
#C +VC  (2.21) 
where D is the diffusion coefficient, 
 
z
i
 is the charge number, F is the Faraday 
unit of charge,  V  is the velocity of liquid, R  is the gas constant and !  is the 
potential gradient. 
A particular advance of the model was to investigate the various chemical 
reactions taking place within the porous deposits. The reactions included are 
ionization of water, metal ion hydrolysis, boric acid equilibria, liquid to 
vapour partitioning of volatile species, precipitation and dissolution of 
different species and the radiolysis chemistry of water.  These reactions are 
generally temperature dependent, and coupling between the reaction rates 
and the calculated local temperatures was incorporated. 
Boiling Crevice Model (2006). In 2006, Macdonald et al presented a one 
dimensional boiling crevice model for the calculation of lithium and boric 
acid concentration factor in porous crud layers. The model is illustrated in 
Figure 2.8. In Figure 2.8, a single pore and the crud in the immediate vicinity 
is considered. The molar fluxes of the various species are modelled by 
assuming a combined convection/diffusion mechanism:   
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J = !D
dC
dx
+VC  (2.22) 
where  D  is the diffusion coefficent and  V is the velocity of the liquid.  
 
 
Figure 2.8 
Schematic illustration of the boiling crevice model (Macdonald, et al. (2006))  
 
 
By balancing the inlet and outlet solute fluxes in the pore, i.e.,  J = 0 and by 
assuming that all the heat is removed via latent heat of vaporization, the 
following equation is derived for the maximum concentration factor (CF) in 
the crud.  
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where, 
 
C
s
 is the concentration at the bottom of crud, 
 q
 is the heat flux applied 
at the bottom of crud, 
 
C
b
 is the bulk water concentration,   d  is the thickness 
of crud,  !  is density of the liquid and  D  is the diffusion coefficient. This 
model only calculates the maximum concentration factor in the crud and does 
not predict concentration as a function of crud thickness. Moreover, this 
model does not include any interaction of solute with thermal hydraulics, 
whereas Henshaw, et al. (2006) model not only accounts for all of these 
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interactions but also considers the interaction of various species among 
themselves (Macdonald, et al. (2006)).  
2.7  Mitigation Strategies 
Many attempts have been made to reduce the effect of AOA in PWR cores; 
several strategies have been proposed. Current mitigation strategies may be 
divided into two types. The first type involves minimizing the release of 
corrosion products from reactor structural materials in order to reduce the 
formation and deposition of corrosion products. This involves a higher pH 
operation, use of EBA (enriched boric acid), hydrogen injection and improved 
cladding material . The other type of strategy involves removal of fuel crud 
directly from the fuel cladding using numerous techniques including 
chemical purification, zinc ion injection, cartridge filter ion exchange 
processes, magnetic separation and ultrasonic cleaning of fuel (Song, et al. 
(2004), Yeon, et al. (2006), Don (2009)). 
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CHAPTER 3 
THE PHYSICAL BASIS OF THE MODEL 
 
This chapter describes the mathematical formulation of a two-dimensional 
(2D) axi-symmetric model, which can calculate the heat transfer, fluid flow 
and solute concentration within a porous crud layer with uniformly 
distributed chimneys. The governing equations of each phenomenon are 
coupled to each other, ultimately giving a temperature and solute 
concentration distribution in the crud.  
As noted in the previous chapter, in addition to the usual convective heat 
transfer from the surface of the crud coating the pin, the presence of deep, 
slender chimneys in the crud layer offers the possibility of an additional heat 
transfer mechanism, namely evaporation of the liquid at the inner surface of 
the chimney with release of vapour bubbles from the end of the chimneys into 
the coolant. The passage of heat through the crud will be by conduction 
through the crud itself, and through the liquid in the pores of the crud. 
Evaporation from the surface of the crud into the chimney will require a flow 
of liquid through the crud to the chimney face.  
The flow of the coolant liquid in the crud layer will take the form of the usual 
flow through a porous medium, driven by the evaporative mass flux at a 
chimney surface, with the liquid entering the crud at the face exposed to the 
bulk coolant. 
The liquid coolant that enters the crud in this fashion will of course contain 
within it whatever species are present in solution in the coolant. As discussed 
in the previous chapter, these include in particular boric acid. At the chimney 
surface, the evaporation will lead to the removal of steam, and thus water 
flowing into the crud cannot (in the steady state) carry into the crud those 
species dissolved within it. What must happen is that a spatial variation of the 
concentration of the dissolved species will be generated, with an increase in 
this concentration in going from the wetted surface of the crud to the chimney 
wall. The dissolved species will diffuse down in this concentration gradient, 
cancelling out the advection of the dissolved species associated with the flow 
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of the water. Everywhere, but in particular at the chimney surface, the 
concentration of dissolved species will be higher than in the bulk coolant. This 
will have the following consequences. The precipitation of the dissolved 
species will occur in the form of LiBO2 and Li2B4O7 and the increased 
concentration of dissolved species may affect the saturation temperature of 
the coolant, changing the thermal conditions at the chimney face. 
As will be seen, these three processes are all linked. The rate of heat transfer 
by evaporation at the chimney wall plainly depends upon the saturation 
temperature there. The saturation temperature depends on the concentration 
of dissolved species there. The concentration depends on a balance between 
the species transport by advective flow of coolant liquid towards the chimney 
surface and the diffusion of the species back towards the crud surface as a 
result of the induced concentration gradient. The advective flow is 
determined by the rate of heat transfer by evaporation at the chimney wall. 
In the sections that follow we will expand upon these issues, identifying the 
associated governing equations, and the relevant boundary conditions. 
A schematic depiction of a chimney-filled crud, and the region analysed, is 
shown in Figure 3.1. 
The following assumptions have been made in the development of this 
model: 
3.1 Basic Assumptions For The Development of 2D Model 
• The pore size of the crud structure is considered to be very small so that it 
prevents boiling inside the crud. 
• It has been postulated that the entire heat flux is removed by latent heat of 
vaporization through the chimney wall. 
• No heat transfer is assumed through conduction through the chimney as 
the thermal conductivity of the vapour is very small. 
• It is assumed that no reactions occur in the solute itself and between the 
liquid and the solid particulate material of which the crud is composed.  In 
fact solute can react with solid particles and with the clad surface. The 
current model is conservative. 
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• The solute is considered to be non-volatile. In fact boric acid is volatile and 
will be present in the vapour stream. 
• The solute is assumed to be infinitely soluble, so no precipitation occurs. 
In reality, the solute will precipitate out in the form of LiBO2 and Li2B4O7. 
• The transport of solute through electric potential gradient is assumed to be 
negligible. 
 
 
 
 
Figure 3.1 
A schematic diagram, showing the crud, chimneys and clad, with 
characteristic dimensions in microns. The region analysed in our model is 
indicated, along with the coordinate system used to identify the results we 
present. 
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3.2 Heat Conduction Through The Crud 
Heat transfer is assumed to take place by conduction through the wetted crud 
and evaporation of steam at the surface of steam chimney. We model the heat 
transfer through the wetted crud via Laplace ‘s equation as follows:  
  !2T = 0  (3.1) 
There is in addition advection of heat because of the flow of water, but this is 
negligible: the water flow rate is tiny. 
 The Laplace equation can be written in the cylindrical coordinates as follows: 
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3.2.1 Boundary Conditions For The Heat Transfer Analysis: 
The following are the boundary conditions for the heat transfer analysis and 
are shown in Figure 3.2. 
• Along the clad surface (at the inner face of the crud), a uniform heat flux 
is imposed. 
 
 
!k
"T
"n
= q  (3.3) 
• At symmetry plane/centre line (r = outer radius), the heat flux is zero: 
 
 
k
!T
!n
= 0  (3.4) 
• At coolant-crud interface (z = crud thickness), a heat transfer coefficient is 
imposed:  
 
 
!k
"T
"n
= h
c
T !T
BULK( )  (3.5) 
where 
 
h
c
is the heat transfer coefficient of the coolant due to forced convection 
and 
 
T
BULK
 is the bulk coolant temperature. 
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• At the face of the chimney (r = chimney radius), the saturation 
temperature is imposed: 
 
 
T r ! CHIMNEY SURFACE( ) = TSAT r ! CHIMNEY SURFACE( )  (3.6) 
One could instead employ Robin boundary conditions (i.e. those in which a 
heat transfer coefficient and bulk temperature are both specified) with a (very 
high) evaporation heat transfer coefficient; the approach above effectively 
takes this heat transfer coefficient to be infinite. It has been observed that the 
temperature at the bottom of the chimney face is slightly higher (~ 1 K) than 
the saturation temperature when a very high evaporative heat transfer 
coefficient is imposed. 
The value of the saturation temperature depends on the concentration of the 
dissolved species. The concentrations are found from solution of equation 
(3.19) below. The main species to affect the saturation temperature, and the 
only one considered at present, is boron in the form of boric acid, (H3BO3). 
The dependence of saturation temperature on boron concentration is taken 
from the correlation published by Dickinson, et al. (2004) and is shown 
graphically in Figure 3.3. 
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Figure 3.2 
Boundary conditions for the temperature analysis. 
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Figure 3.3 
The dependence on boron concentration of the saturation temperature of 
water at 15.55 MPa, taken from the correlation published by Dickinson, et al. 
(2004). 
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3.3 The Diffusive Flow of The Coolant Through The Crud 
The flow of water through the crud is modelled as a diffusive flow, with the 
local velocity related to the local pressure gradient via a flow resistance. 
 
 
V = !
"
µ
#p  (3.7) 
where µ  is the dynamic viscosity of the water and !  is the permeability of 
the porous crud and can be calculated using the Kozeny-Carman equation 
given in Vafai (2005).  
 
 
! =
"
3d
p
2
150 1# "( )
2
 (3.8) 
where pd  is the diameter of the particles constituting the porous medium. 
Equation (3.7) results in a Laplace equation for the pressure distribution 
within the crud.   
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In cylindrical coordinates, the Laplace equation can be written as follows: 
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3.3.1 Boundary Conditions For The Fluid Flow Analysis: 
The following are the boundary conditions for the flow calculations: 
• Along the heating surface (at the inner face of the crud), no flow of liquid: 
 
 
!P
!n
= 0  (3.12) 
• At symmetry plane/centre line (r = outer radius), no flow of liquid: 
 
 
!P
!n
= 0  (3.13) 
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• At coolant-crud interface (z = crud thickness), bulk coolant pressure: 
 
 
p = p
coolant
 (3.14) 
• At the face of the chimney (r = chimney radius), a spatially varying mass 
flow rate is imposed, based on the local heat loss rate. This mass flux is 
induced due to occurrence of evaporation at chimney wall: 
 
n
T
khm fg
!
!
=!  (3.15) 
where m!  is the mass flux and 
 
h
fg
is the vaporization enthalpy of the water. 
This gives, in terms of the diffusive flow problem, 
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 (3.16)   
These boundary conditions are indicated in Figure 3.4. The numerical value of 
 
!T
!n
 for use in equation (3.16) is found from the solution of equation (3.1) 
above. 
  64 
  
 
 
 
Figure 3.4 
Boundary conditions for the liquid flow analysis in the crud. 
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3.4 The Advection and Diffusion of The Dissolved Species 
in The Crud 
PWR coolant contains dissolved boric acid, lithium hydroxide and other 
species formed as products from the radiolysis of the water and metal 
corrosion. It is assumed that all the species diffuse at the same rate. Denoting 
the concentration of dissolved species C, and their net flow (current) J, we 
can write the net flow of dissolved species as the sum of advective and 
diffusive terms: 
  J = !D"C + VC  (3.17) 
In the steady state we have 
  ! "J = 0  (3.18) 
or, as ! "V = 0 , 
  !D"2C + V #"C = 0  (3.19) 
In cylindrical coordinates, equation (3.19) can be written as: 
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The two components of the liquid velocity (
 
V
r
,V
z
) in the crud can be 
evaluated from the solution of equation (3.10).  D  is called the diffusion 
coefficient. Due to porous nature of the crud,  D  is scaled by a ratio of 
porosity !  to tortuosity ! and is given by:  
 
 
D = D
l
!"  (3.21) 
where, 
l
D  is the diffusion coefficient in the liquid. Here, the tortuosity !  is 
essentially the ratio of pore length to the thickness of the medium.  
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3.4.1 Boundary Conditions For The Solute Transport Analysis: 
The following are the boundary conditions for the solute concentration 
distribution analysis. 
• Along the heating surface (at the inner face of the crud), zero 
concentration gradient: 
 
 
D
!C
!n
= 0  (3.22) 
• At symmetry plane/centre line (r = outer radius), zero concentration 
gradient: 
 
 
D
!C
!n
= 0  (3.23) 
• At the coolant-crud interface (z = crud thickness), bulk coolant 
concentration: 
 
 
C = C
BULK
 (3.24) 
• At the face of the chimney (r = chimney radius), no net flow of dissolved 
species to the surface: 
 
 
!D
"C
"n
+ V #nC = 0  (3.25) 
It should be noted that equations (3.24) and (3.25) are the assumptions taken 
for the present analysis. In reality there would exist a concentration gradient 
at the coolant crud interface. Similarly at the chimney surface the flow of 
species will not be zero as boric acid is volatile and will be present in the 
vapour phase. 
These boundary conditions are indicated in Figure 3.5. The required variation 
of the liquid velocity throughout the solution domain is provided by the 
solution of equation (3.10), coupled with equation (3.7). The boundary value 
of  V !n , or equivalently
 
!
µ
"p
"n
, needed in equation (3.25), is found from 
solution of (3.10) above. 
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Figure 3.5 
Boundary conditions for the concentration analysis. 
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3.5 The Coupled Solution 
There are three equations to be solved; the temperature distribution in the 
crud, the liquid velocity in the crud, and the distribution of the concentration 
of dissolved species in the liquid in the crud.  Each equation has boundary 
condition values that depend upon the solution of one of the other equations, 
and an iterative approach is taken to solve them. This is shown graphically in 
Figure 3.6. The order in which this is actually implemented is to seek a 
solution of the heat transfer problem using the saturation temperature 
corresponding to the dissolved species concentration in the bulk coolant. 
From this the chimney water mass flux is found, and this is used as a 
boundary condition to solve for the water flow through the crud. The water 
flow through the crud is then used as part of the solution for the dissolved 
species concentration. The species concentration thereby found at the 
chimney wall is then used to compute modified saturation temperature 
boundary conditions to the heat transfer calculation, and the whole process is 
then repeated. A finite volume technique has been used to solve all the 
equations. Detailed descriptions of the discretized equations are given in the 
next chapter. 
 
Figure 3.6 
The sequential, iterative solution of the three coupled problems, of 
temperature distribution, water flow and species concentration. 
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CHAPTER 4 
SOLUTION OF THE ADVECTION DIFFUSION 
EQUATION BY THE FINITE VOLUME TECHNIQUE 
 
This chapter describes the detailed solution procedure for the temperature, 
pressure and solute concentration equations presented in the previous chapter. 
The solute concentration equation is an advection-diffusion equation. The 
temperature and pressure equations are in effect (mathematically) subsets of the 
solute concentration equation; they both lack the advective term but are 
otherwise identical. From a practical point of view, this allows some economy in 
code development, as the code, which solves the advection–diffusion equation 
can be employed with minimal modification to deal with the wholly diffusive 
equations.  
The set of coupled equations  is solved using a finite volume scheme. The 
derivation of the solution of the advection-diffusion equations has been 
presented in many places; the approach to be followed here follows that of  
Versteeg, et al. (2006). A description of the advection diffusion equation is 
presented in section 4.1. Section 4.2 contains the detailed formulation of the 
advection diffusion equation’s solution using finite volume approach. In section 
4.3, detailed procedure for the solution of the resulting linear algebraic equation 
is presented. The overall iterative procedure is given in section 4.4. Section 4.5 
describes the mesh dependency study. Convergence criteria and the overall 
convergence behaviour are given in section 4.6 and 4.7 respectively. 
4.1 Description of The Advection-Diffusion Equation 
Transport of a scalar quantity occurs in fluid through a combination of advection 
and diffusion. The present study considers the advection and diffusion of 
dissolved species in crud. Therefore, in the presence of a known velocity field 
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 !V , the net flow (current)  J  of dissolved species  !C  can be written as a sum of 
advective and diffusive terms: 
  J = !D" #C + #V #C  (4.1) 
where  D  is the diffusion coefficient.  
In the steady state we have: 
  ! "J = 0  (4.2) 
or, as 
  ! " #V = 0  (4.3) 
we get the following equation after combining equation (4.2) and (4.3).  
  !D"2 #C + #V $" #C = 0  (4.5) 
Equation (4.5) can be transformed into any coordinate system by using the 
divergence operator in that system. Since we will use a cylindrical coordinate 
system 
 
!r , !z( ) , equation (4.5) can be written in cylindrical coordinates as follows: 
 
 
1
!r
"
" !r
!r D
" !C
" !r
#
$%
&
'(
+
"
" !z
D
" !C
" !z
#
$%
&
'(
=
1
!r
"
" !r
!r !V
r
!C( ) + !V
z
" !C
" !z
)
*
+
,
-
.  (4.6) 
where 
 
!V
r
 and 
 
!V
z   are the known velocity components. 
Similarly in cylindrical coordinates, the steady state continuity equation  
 ! " #V = 0  can be written as: 
 
 
1
!r
"
" !r
!r !V
r
( ) +
" !V
z
" !z
= 0  (4.7) 
A dimensionless approach has been adopted to make the software more general 
and to avoid numerical complexity. The domain for the present analysis is shown 
in Figure 4.1. 
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Figure 4.1  
Schematic of the domain for the analysis (ro=chimney radius, Ro=outer shell 
radius, d=thickness of the crud). 
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The fundamental dimensions involved are length 
 
L( ) , mass 
 
m( )  and time 
 
t( ) . 
The dimensions of the variables used in the advection diffusion equation are: 
  D! L2t"1  (4.8) 
  !C " mL#3  (4.9) 
  !V " Lt#1  (4.10) 
We will take 
 
R
o
 as a characteristic length and non-dimensionalize the  !r  and the 
 !z coordinate as follows.  
 
 
r =
!r
R
!
 (4.11) 
 
 
z =
!z
R
!
 (4.12) 
where 
 
R
o
 is the outer radius of the porous shell. 
The dimensionless variable for concentration can be defined as 
 
 
C r ,z( ) =
!C !r , !z( )
C
b
 (4.13) 
where 
 
C
b
is the concentration in the bulk coolant. 
The dimensionless components of the velocity in the  r  and the  z  direction are 
defined as: 
 
 
V
r
r ,z( ) =
!V
r
!r , !z( )
D
R
o
"
#$
%
&'
,     V
z
r ,z( ) =
!V
z
!r , !z( )
D
R
o
"
#$
%
&'
 (4.14) 
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So the terms in equation (4.5) become: - 
 
 
D!
2
"C =
C
b
D
R
o
2
!
2
C  (4.15) 
and 
 
 
!V "# !C =
D
R
o
V "
C
b
R
o
$
%&
'
()
#C =
C
b
D
R
o
2
V "#C  (4.16) 
The whole equation is: 
 
 
!
C
b
D
R
o
2
"
2
C +
C
b
D
R
o
2
V #"C = 0  (4.17) 
or 
  !"2C + V #"C = 0  (4.18) 
4.2 Solution of the Advection-Diffusion Equation Using the 
Finite Volume Scheme 
In this section, we will first illustrate the finite volume method and then the 
discritization of the advection-diffusion equation using this approach. 
4.2.1 Finite Volume Method 
The finite volume method uses the integral form of the conservation equation as 
the starting point. The fundamental step in the finite volume approach is that a 
volume integral of the divergence of a vector  J  is transformed into a surface 
integral of the normal component of that vector. Mathematically, it can be 
described by using divergence theorem, as follows: 
 
 
! "J
V
###  d $V  = J "n d $A
A
##  (4.19) 
 In this method, the governing equations are integrated over a finite control 
volume in the solution domain. The solution domain is divided into a number of 
small control volumes. Each control volume is then assigned a computational 
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node. The integration of the advection diffusion equation over a control volume 
gives: 
 
 
n ! D " #C( )
A
$  d #A  = n ! #V #C( )  d #A
A
$  (4.20) 
This equation represents a flux balance over a control volume. The left hand side 
of the above equation gives the net diffusive flux and the right hand side gives 
the net advective flux through a control volume. The discretization involves the 
substitution of a finite difference type approximation for the terms into 
integrated equations. This converts the integral equations into a system of linear 
algebraic equations. This generates a sparse matrix equation, which is solved 
using an iterative solver (Blazek.J (2001), Versteeg, et al. (2006), Lyra, et al. 
(2005)).   
4.2.2  An Axisymmetric Finite Volume Formulation 
The advection-diffusion equation can be re-written in terms of fluxes using 
integral formulation over the control volume  !V as:  
 
 
1
!r
V
"
#
# !r
!r J
r
( )d !V +
#
# !z
J
z
( )
V
" d !V = 0  (4.21) 
where 
 
J
r
 and 
 
J
z
 are the components of the vector   J  and can be defined as. 
 
 
J
r
= !D
" #C
" #r
+ #V
r
#C  (4.22) 
 
 
J
z
= !D
" #C
" #z
+ #V
z
#C  (4.23) 
For the axisymmetric case, the infinitesimal volume using cylindrical coordinates 
is given by:  d !V = 2" !r d !r d !z = 2" !r d !A , where  d !A is the infinitesimal cross 
sectional area.  
By substituting the value of  d !V in equation (4.21), we get 
 
 
1
!r
A
"
#
# !r
!r J
r
( )2$ !r d !A +
#
# !z
J
z
( )
A
" 2$ !r d !A = 0  (4.24) 
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The above equation can be re-written as: 
 
 
!
! "r
"r J
r
( )d "A
A
# +
!
! "z
"r J
z
( )
A
# d "A = 0  (4.25) 
Using divergence theorem, the above equation can be stated as: 
 
 
!r J( )
i
n
i
 d !S  = 0
S
"  (4.26) 
where   !S  is the  cross sectional boundary of the control volume  !V . 
As stated above, in the finite volume method, the geometry is divided into a 
number of small non overlapping control volumes in such a way that there is one 
control volume surrounding each grid point as shown in Figure 4.2 below. There 
are two practices used for the location of control volume faces. These are called 
Practice A and Practice B. In Practice A, control volume faces are located midway 
between the neighbouring grid points. For a non-uniform grid, a typical grid 
point P does not lie at the geometric centre of the control volume. In Practice B, 
the first step is to draw all the control volumes and then place a grid point at the 
geometric centre of each control volume. In this approach, a typical grid point P 
will lie at the geometric centre of each control volume. It should be noted that for 
a uniform grid both Practices are identical. We have used Practice A due to its 
higher accuracy in calculating the heat flux. One control volume is shown in 
Figure 4.2 with a listing of the different distances involved in specifying this 
control volume.  
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Figure 4.2  
The discritization of the domain into finite control volumes. The grey rectangle 
represents a single control volume with appropriate listing of all relevant 
distances. 
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4.2.3 Discretization of the Advection  Diffusion Equation For Interior Nodes 
In cylindrical coordinates, the dimensionless advection diffusion equation can be 
written as: 
 
 
1
r
!
!r
r
!C
!r
"
#$
%
&'
+
!2C
!z2
=
1
r
!
!r
rV
r
C( ) +V
z
!C
!z
(
)
*
+
,
-  (4.27) 
Figure 2 shows a control volume with a grid point P located in the control 
volume. The neighbouring grid points are E, W, N and S respectively. Control 
volume faces are denoted by lower case letters n, s, e, w.  
Integrating equation (4.27) over the control volume shown in Figure 4.2, we get 
  
!
!r
r
!C
!r
"
#$
%
&'
dA+
!
!z
!C
!z
"
#$
%
&'
rdA
s
n
(
w
e
( =
w
e
(
s
n
(
!
!r
rV
r
C( )dA
w
e
(
s
n
( +
!
!z
V
z
C( )rdA
w
e
(
s
n
(
)
*
+
+
,
-
.
.  
  (4.28) 
where  dA = dr  dz . It should be noted that the net flux through the control volume 
boundary is the sum of the integrals over the control volume faces. After 
integration, the above equation transforms into the following form.  
 
 
r
!C
!r
s
n
"
w
e
dz +
!C
!z
w
e
"
s
n
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#
$
%
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(
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r
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e
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z
C
w
e
"
s
n
rdr
#
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(
(
 (4.29)
After integration and summing up all the fluxes over control volume faces, the 
above equation takes the following form: 
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 (4.30)
   where the areas of the north and the south sides can be calculated as: 
 
 
rdr =
1
2
r
e
2 ! r
w
2"
#
$
% = rp &r( )Pe + rP &r( )wP +
1
2
&r( )
Pe
2
!
1
2
&r( )
wP
2"
#
'
$
%
(
w
e
)  (4.31) 
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where,  
 
 
r
e
= r
P
+ !r( )
Pe
r
w
= r
P
" !r( )
wP
#
$
%
&%
'
(
%
)%
 (4.32) 
The relevant areas of each side of the control volume can be written as; 
 
 
A
e
= r
e
!z( )
sP
+ r
e
!z( )
Pn
"
#
$
%
 (4.33) 
 
 
A
w
= r
w
!z( )
sP
+ r
w
!z( )
Pn
"
#
$
%
 (4.34) 
 
 
A
n
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p
!r( )
Pe
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P
!r( )
wP
+
1
2
!r( )
Pe
2
"
1
2
!r( )
wP
2#
$
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'
(  (4.35) 
 
 
A
s
= r
p
!r( )
Pe
+ r
P
!r( )
wP
+
1
2
!r( )
Pe
2
"
1
2
!r( )
wP
2#
$
%
&
'
(  (4.36) 
In order to derive the useful form of discretized equation, the gradient and other 
properties at the control volume faces are calculated by assuming a linear 
interpolation between the nodal points.  
By assuming a linear approximation for the gradient at the control volume faces, 
equation (4.30) becomes as follows; 
 
A
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  A
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V
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C
e
( ) ! A
w
V
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C
w
( ))* ,- + AnVznCn( ) ! AsVzsCs( ))* ,-
 (4.37) 
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Figure 4.3 
Description of a non – uniform control volume with appropriate distances. 
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To make equation (4.37) more compact, we here define two symbols !  and  F  as 
follows: 
 
 
!
e
=
1
"r( )
PE
,   !
w
=
1
"r( )
WP
,   !
n
=
1
"z( )
PN
,     !
s
=
1
"z( )
SP
 (4.38) 
 
 
F
e
= V
r( )e ,     Fw = Vr( )w ,        Fn = Vz( )n  ,      Fs = Vz( )s         (4.39) 
Substituting all the values of these variable !  and  F , in equation (4.37) we get: 
 
 
A
e
!
e
C
E
" C
P
( ) " A
w
!
w
C
P
" C
W
( )#$ %& + An!n CN " CP( ) " As!s CP " CS( )#$ %&#$
%
&
=
  A
e
F
e
C
e
( ) " A
w
F
w
C
w
( )#$ %& + AnFnCn( ) " As FsCs( )#$ %&
 
  (4.40) 
In order to discretize the scalar quantity  C  at the control volume faces, different 
schemes are given in the literature depending upon the nature of the flow. The 
Peclet number (
 
P
e
) is an important parameter in deciding which scheme should 
be used. Peclet number is the ratio of the relative strengths of convection and 
diffusion and can be defined as.  
 
 
P
e
=
VL
D
 (4.41) 
where  L  is the characteristic length,  V is the velocity and  D  is the mass diffusion 
coefficient. In the case of pure diffusion (when fluid is stagnant), the Peclet 
number will be zero and for pure convection, it will be infinity. Since Peclet 
number is very tiny in our case (the flow velocity is very small), we have used a 
central differencing scheme for the discretization of the scalar quantity  C .  
For the present study, we have assumed a linear variation of  C  between two 
adjacent nodes. For a uniform grid, the control volume face is just at the centre of 
two nodes and this quantity is just the average of two nodal values. For example 
the value of  C  at the east face can be calculated as: 
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C
e
=
C
P
+ C
E
2
 (4.42) 
However, for a non-uniform grid, these quantities are calculated according to the 
location of a control volume face between two nodes. Figure 4.3 shows a non-
uniform control volume with the appropriate distances. From these distances, 
different interpolation factors at the control volume faces are calculated as 
follows (Patankar (1980), Ferziger, et al. (1997)).  
 
 
f
e
=
!r
"#
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&
'(
e
)r( )
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w
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)r( )
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, f
s
=
! z
"#
$%
&
'(
s
)z( )
SP
 (4.43) 
Using these interpolation factors, the value of  C at control volume faces can be 
calculated as:  
 
 
C
e
= 1! f
e( )CP + feCE  (4.44)     
 
 
C
w
= 1! f
w( )CP + fwCW  (4.45) 
 
 
C
s
= 1! f
s( )CP + fsCS  (4.46) 
 
 
C
n
= 1! f
n( )CP + fnCN  (4.47) 
Substituting these interpolation factors in equation (4.40), we get 
 
 
A
e
!
e
" f
e
F
e
#$ %&CE + Aw !w + fwFw#$ %&CW + An !n " fn Fn#$ %&CN + As !s + fs Fs#$ %&CS =
A
e
!
e
+ 1" f
e( )Fe#$ %&CP + Aw !w " 1" fw( )Fw#$ %&CP + An !n + 1" fn( )Fn#$ %&CP + As !s " 1" fs( )Fs#$ %&CP
  (4.48) 
The flow rates through the faces of the control volume should satisfy the 
discritized form of the continuity equation which is the following:  
 
 
AV
r
( )
e
! AV
r
( )
w
+ AV
z
( )
n
! AV
z
( )
s
= 0  (4.49) 
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or 
 
 
A
e
F
e
! A
w
F
w
+ A
n
F
n
! A
s
F
s
= 0  (4.50) 
Finally, after satisfying the continuity equation, the equation (4.48) can be written 
in the following form:  
 
 
a
P
C
P
= a
E
C
E
+ a
W
C
W
+ a
N
C
N
+ a
S
C
S
+ S
u
 (4.51) 
It is interesting to note that this form of the equation only exists when the flow 
field is satisfied. Also note that in equation (4.51) we have introduced a term 
 
S
u
. 
If there exists a source S inside the control volume, then the source term can be 
linearized in the following manner: 
 
S = S
u
+ S
P
C
P
 where 
 
S
u
stands for the 
constant part of the source S, while 
 
S
P
 is the coefficient of 
 
C
P
. We will see in 
section (4.2.4) that the boundary conditions also contribute to the terms 
 
S
u
 and 
 
S
P
 in equation (4.51) and (4.58). 
All the coefficients of the equation (4.51) can be written as: 
 
 
a
E
= A
e
!
e
" f
e
F
e
#$ %&  (4.52) 
 
 
a
W
= A
w
!
w
+ f
w
F
w
"# $%  (4.53) 
 
 
a
N
= A
n
!
n
" f
n
F
n
#$ %&  (4.54) 
 
 
a
S
= A
s
!
s
+ f
s
F
s
"# $%  (4.55) 
 
 
S
P
= 0  (4.56) 
 
 
S
u
= 0  (4.57) 
 
 
a
P
= a
E
+ a
W
+ a
N
+ a
S
! S
P
 (4.58) 
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4.2.4 Application of The Boundary Conditions 
There are usually three types of boundary conditions. These are Dirchlet, 
Neuman and Robin boundary conditions. These boundary conditions are usually 
written in the following form: 
 
 
!C + "
#C
#n
+ $ = 0  (4.59) 
where  n  denotes the outward normal to the boundary and ! , !  and !  are the 
functions which specify the particular condition which applies. Table 4.1 below 
gives the definitions of these functions. 
In finite volume, usually, boundary conditions enter the discritized equations by 
suppression of the link to the boundary side and modification of the source 
terms. Since the domain under consideration is axi-symmetric, and is modelled 
using cylindrical coordinates, the following Table 4.2 to Table 4.5 show how to 
apply the boundary condition on each boundary face. In finite volume various 
types of boundary conditions (Dirichlet, Neuman and Robin types), either 
contribute to the terms  Su  or  Sp  or to both in equation (4.51) and (4.58).  
 
Table 4.1 
 Definition of α , β and γ for various type of boundary conditions. 
Type of boundary condition α β γ 
Prescribed scalar quantity 
 
C
A
(Dirichlet) 1 0 
 
C
A
 
Prescribed flux ‘
 
J = !D
"C
"n
’ (Neuman) 
0 - D  - J  
A combination of gradient and scalar  
quantity ‘
 
J = !D
"C
"n
+VC ’ (Robin) 
 V  - D  - J  
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Table 4.2   
Application of the boundary conditions on the west face of a control volume. 
Node P is located at the west face. 
Boundary condition type 
 
S
u
 
 
S
P
 
Dirichlet 
 
C
A  
-1 
Neuman 
 
!A
p
. !
"
#
$
%&
'
()
 
0 
Robin 
 
!A
p
. !
"
#
$
%&
'
()
 
 
!A
p
. !
"
#
$
%&
'
()
 
 
 
 Table 4.3 
Application of the boundary conditions on the east face of a control volume. 
Node P is located at the east face. 
Boundary condition type 
 
S
u
 
 
S
P
 
Dirichlet 
 
C
A  
-1 
Neuman 
 
A
p
. !
"
#
$
%&
'
()
 
0 
Robin 
 
A
p
. !
"
#
$
%&
'
()
 
 
A
p
. !
"
#
$
%&
'
()
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Table 4.4  
Application of the boundary conditions on the south face of a control volume. 
Node P is located at the south face. 
Boundary condition type 
 
S
u
 
 
S
P
 
Dirichlet 
 
C
A  
-1 
Neuman 
 
!A
p
. !
"
#
$
%&
'
()
 
0 
Robin 
 
!A
p
. !
"
#
$
%&
'
()
 
 
!A
p
. !
"
#
$
%&
'
()
 
 
 
 
Table 4.5  
Application of the boundary conditions on the north face of a control volume. 
Node P is located at the north face. 
Boundary condition type 
 
S
u
 
 
S
P
 
Dirichlet 
 
C
A  
-1 
Neuman 
 
A
p
. !
"
#
$
%&
'
()
 
0 
Robin 
 
A
p
. !
"
#
$
%&
'
()
 
 
A
p
. !
"
#
$
%&
'
()
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It should be noted that when a specific boundary condition is applied at a 
particular boundary face, the coefficient of that boundary becomes zero and the 
rest of the coefficients remain the same. For example, if a specific boundary 
condition is applied at the east face then, we get the following form of 
coefficients and the linear equation for that boundary control volume. 
 
 
a
E
= 0  (4.60) 
 
 
a
W
= A
w
!
w
+ f
w
F
w
"# $%  (4.61) 
 
 
a
N
= A
n
!
n
" f
n
F
n
#$ %&  (4.62) 
 
 
a
S
= A
s
!
s
+ f
s
F
s
"# $%  (4.63) 
 
 
a
P
= a
E
+ a
W
+ a
N
+ a
S
! S
P
 (4.64) 
 
 
a
P
C
P
= a
E
C
E
+ a
W
C
W
+ a
N
C
N
+ a
S
C
S
+ S
u
 (4.65) 
The values of 
 
S
P
 and 
 
S
u
 can be chosen according to the type of boundary 
condition from the above-mentioned tables. Note that for Dirchlet boundary 
condition all the four coefficients become zero. 
4.3    Solution of The Discretized Linear Algebraic Equations 
Discretization of the advection-diffusion equation leads to a set of linear 
algebraic equations. There are two families of solution techniques for the linear 
algebraic equations. One family is called direct methods and other one is indirect 
or iterative methods. Direct methods include Cramer‘s rule and Gaussian 
elimination. These methods require storage of all  N 2  coefficients of the set of  N  
equations with  N  unknowns. Iterative and indirect methods include Jacobi, 
Gauss-Seidel point-by-point, conjugate gradient and the conjugate gradient 
square method etc.  Generally all iterative methods involve using a simple 
algorithm repeatedly leading to eventual convergence after a number of 
iterations/repetitions.  Another benefit of the iterative methods is that they store 
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only the non-zero coefficients of the equation, so less memory is required for the 
storage of large systems when compared with the direct methods. Since in CFD, 
the system of linear equations is often very large (some times up to 1 million 
equations), a very large memory is required for direct methods. In such 
situations, iterative methods are generally much more economical than the direct 
methods.  
For the purpose of present study, we used a tri-diagonal matrix algorithm 
(TDMA) iteratively as the problem involves a large number of nodes. This 
method was developed by Thomas (1949) and is given in Versteeg, et al. (2006). 
TDMA is a direct method for one-dimensional situations, but it can be applied 
iteratively in a line-by-line fashion for multi dimensional problems. The 
algorithm is not only very powerful but also computationally inexpensive and 
saves a lot of computer memory.  In the following section, we will explain the 
TDMA in detail and its application to two-dimensional problems. 
4.3.1 Tri-diagonal Matrix Algorithm (TDMA) 
Consider a system of equations that has a tri-diagonal form as follows: 
 
 
a
i
T
i
= b
i
T
i+1
+ c
i
T
i!1
+ d
i
 (4.66) 
where  i  varies from 1,2,3,…,N with points 1 and N are the boundary points. 
 
T
i
 is 
any scalar quantity and is related to its neighbour points 
 
T
i+1
 and 
 
T
i!1
. For point 
1, 
 
c
1
 is zero and for point N 
 
b
N
 is zero. It is because 
 
T
0
 and 
 
T
N +1
 do not have any 
significant role as both do not lie in the solution domain. It can be seen from 
equation (4.66) that 
 
T
1
 is known in terms of 
 
T
2
 and 
 
T
3
and so on. This process of 
substitution continues until 
 
T
N
 is expressed in terms 
 
T
N +1
. Since 
 
T
N +1
 has no 
significance, we actually get the numerical value of 
 
T
N
 at this stage. From this 
point, we start back substitution and get the solution.  Suppose in the forward 
substitution, we follow a relation 
 
 
T
i
= P
i
T
i+1
+ Q
i
 (4.67) 
The above equation can also be written as: 
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T
i!1
= P
i!1
T
i
+ Q
i!1
 (4.68) 
Substitution of equation (4.68) into equation (4.66) leads to 
 
 
a
i
T
i
= b
i
T
i+1
+ c
i
P
i!1
T
i
+ Q
i!1( ) + di  (4.69) 
which can be rearranged to look like equation (4.67). In that case the coefficients 
 
P
i
 and 
 
Q
i
 stand for 
 
 
P
i
=
b
i
a
i
! c
i
P
i!1
 (4.70) 
 
 
Q
i
=
d
i
+ c
i
Q
i!1
a
i
! c
i
P
i!1
 (4.71) 
These coefficients are recurrence relations and give 
 
P
i
 and 
 
Q
i
 in terms of 
 
P
i!1
 and 
 
Q
i!1
. 
4.3.2 Numerical Algorithm for TDMA 
Calculate the value of 
 
P
1
 and 
 
Q
1
 from the equations (4.70) and (4.71) by putting 
 
c
1
 to zero. 
Start forward substitution by using the equations (4.70) and (4.71) and calculate 
the values of 
 
P
i
 and 
 
Q
i
 for i= 2,3,…,N. 
At the very last point, set 
 
T
N
= Q
N
 
Now start, back substitution, until you get the quantity 
 
T
1
. 
4.3.3 Application of The TDMA to Two-Dimensional Domain 
Since TDMA is a direct method for one-dimensional problems, we have applied 
it iteratively for our two-dimensional problems. The discretization of the 
advection-diffusion equation for a scalar quantity C in two dimensions results in 
the following form.  
 
 
a
P
C
P
= a
E
C
E
+ a
W
C
W
+ a
N
C
N
+ a
S
C
S
+ S
u
 (4.72) 
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Now consider a domain like that in Figure 4.2. To apply the TDMA in two 
dimensions, we apply it on every line in the two-dimensional grid. For example, 
if we want to apply TDMA on the north-south lines, then the equation (4.72) will 
take the following form. 
 
 
a
P
C
P
! a
N
C
N
! a
S
C
S
= a
E
C
E
+ a
W
C
W
+ S
u
 (4.73) 
By further rearrangement of the above equation, we get. 
 
 
a
P
C
P
! a
N
C
N
! a
S
C
S
= b  (4.74) 
where  
 
 
b = S
u
+ a
E
C
E
+ a
W
C
W
 (4.75) 
 b  will become the source term. Now it can be clearly seen that equation (4.74) 
can be represented in the form of equation(4.66). The values of 
 
C
E
 and 
 
C
W
 are 
unknown. At each iteration, these are taken from the end of the previous 
iteration or a given initial value at the first iteration. The sequence by which lines 
are chosen is called the sweep direction. By sweeping in either the west or east 
direction, TDMA can be applied on all the lines from north to south or south to 
north. Similarly, by sweeping from north to south, TDMA can be applied on the 
lines from west to east and the equation (4.72) will take the following form. 
 
 
a
P
C
P
! a
E
C
E
! a
W
C
W
= b  (4.76) 
where  b  is 
 
 
b = S
u
+ a
N
C
N
+ a
S
C
S
 (4.77) 
This calculation procedure is repeated many times, until a converged solution is 
obtained. The number of iterations depends upon the residual value set. 
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4.4 Overall Iterative Procedure 
An iterative procedure has been developed in order to solve the system of 
differential equations as shown in Figure 4.4. A brief description of the flow chart 
is given below: 
At the start of the iterative procedure, the saturation temperature of the water is 
calculated using standard PWR conditions and by assuming that initially, there is 
no solute present in the crud. This saturation temperature is then applied as a 
boundary condition at the chimney wall, and the domain is then solved for 
temperature distribution using equation (3.1). 
Knowing the heat flux at chimney wall, water flux distribution is calculated by 
using equation (3.15).  
Water flux is then used as a boundary condition to solve for the pressure 
distribution using equation (3.10). From the pressure field, flow field is 
calculated using the equation (3.7). 
 Given the flow field in the crud, advection-diffusion equation (3.19) is solved for 
the solute concentration distribution using boundary conditions given from 
equation (3.22) to (3.25). 
The solute distribution changes the saturation temperature of coolant, using the 
correlation given in Figure 3.3.  This modified saturation temperature then will 
act as a boundary condition for temperature calculation. 
The whole process is repeated until a converged saturation temperature is 
obtained at chimney wall. 
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Figure 4.4 
Flow chart of the main program. 
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4.5 Mesh Dependency Study 
In numerical modelling, the accuracy of the numerical results depends upon the 
mesh size used. Thus, selection of a suitable mesh size is very critical and 
important for any numerical study. A suitable mesh size is the one, which gives 
acceptable results with reasonable computational cost.  
Several simulations have been run to investigate the effect of mesh size. The most 
sensitive regions in the current study are the chimney wall and the clad-crud 
interface and, therefore, temperature, pressure and solute concentration 
distributions have been plotted on the chimney wall and at the clad-crud 
interface. The temperature distribution is accurate even with a course mesh, but 
the pressure and especially concentration distribution needs some mesh 
refinement to attain acceptable accuracy. A mesh size 70x210 (r,z) is chosen for 
the current analysis. Figure 4.5 to Figure 4.9 shows a mesh refinement study for 
the temperature, pressure and solute concentration analysis. It should be noted 
that a finer mesh is required for a thicker crud. 
 
 
Figure 4.5 
Effect of mesh size (r,z) on temperature distribution at clad-crud interface. 
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Figure 4.6 
Effect of mesh size (r,z) on liquid pressure drop distribution through thickness at 
chimney wall. Psystem is the bulk coolant pressure, which is also applied as a 
boundary condition at the coolant-crud interface. 
 
 
Figure 4.7 
Effect of mesh size (r,z) on liquid pressure drop distribution at clad-crud 
interface. Psystem is the bulk coolant pressure, which is also applied as a boundary 
condition at the coolant-crud interface. 
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Figure 4.8 
Effect of mesh size (r,z) on solute concentration distribution at clad-crud 
interface. 
 
 
Figure 4.9 
Effect of mesh size (r,z) on solute concentration distribution through thickness at 
chimney wall. 
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4.6 Convergence Criteria 
The current problem involves solution of the temperature, pressure and solute 
concentration distributions by solving Laplace and advection-diffusion 
equations. The saturation temperature at the chimney wall is the main key to the 
solution of the coupled analysis. The change in saturation temperature from two 
consecutive outer (global) iterations is the criterion for the convergence of the 
coupled solution. The choice of saturation temperature is because a change in 
saturation temperature changes the heat flux at the chimney wall, which changes 
the water flux distribution, and ultimately changes the solute concentration. 
 TsatK ! TsatK !1
I =1
NUMCVZ
" # stopping criteria  (4.78) 
where ‘NUMCVZ’ represents the total number of nodal points along the chimney 
wall. The  K  represents the kth overall iteration. The stopping criterion for the 
current study is from 10-3 to 10-4.  
4.7 Overall Convergence Behaviour 
The overall convergence behaviour is different for different systems and different 
conditions and mainly depends upon the increase in the saturation temperature 
at the chimney wall (solute concentration within the crud). For thin crud (25 um), 
with lower heat flux, the solution converges very smoothly within 5 to 6 iteration 
(see Figure 4.10), but for thicker crud, the convergence is very slow and the 
solution tends to oscillate as shown in Figure 4.11. The amplitude of the 
oscillations decreases very slowly.  From these, oscillations, it has been observed 
that the actual solution exists in between the maximum and minimum 
amplitude. It was therefore decided that after the second global iteration, the 
input boundary conditions (for the temperature and pressure analysis) obtained 
from the last two global iterations be averaged to calculate the boundary 
conditions for the current iteration. This process has a dramatic effect on the 
convergence rate and solution converged in a few iterations as shown in Figure 
4.11.  
 
 96 
 
 
Figure 4.10 
Convergence of saturation temperature at the base of chimney wall with respect 
to overall iteration number for a crud thickness of 25 um and heat flux 1.0 
MW/m^2. 
 
 
 
Figure 4.11 
Convergence of saturation temperature at the base of chimney wall with respect 
to overall iteration number for a crud thickness of 60 um and heat flux 1.5 
MW/m^2. 
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CHAPTER 5 
COUPLED TWO DIMENSIONAL 
WICK BOILING MODEL 
 
This chapter describes the results obtained from the two-dimensional coupled 
wick boiling model. It should be noted that in the studies described in 
Chapter 2, Macbeth (1971), Macbeth, et al. (1971), Cohen (1974), Pan, et al. 
(1985) and Pan, et al. (1987) considered variously one and two dimensional 
models of the crud, studying temperature, and later species concentration, 
with differing levels of sophistication. The more recent work of Henshaw, et 
al. (2006) incorporated, in a one-dimensional context, coupling between 
species concentration and the local temperature. In the present work, the 
model developed is both two-dimensional and takes account of coupling 
between concentration and local temperature. In this sense, it is different to 
the previous models and it is important to explore the effect of these 
differences.   
In the first set of results presented here (in Section 5.1), we use the present 
coupled two-dimensional model, in a reduced form (i.e. not including 
coupling), to attempt to reproduce directly some of the earlier 2-D results of 
Pan, et al. (1985) and Pan, et al. (1987).The intention of this is both to provide a 
degree of validation, and to provide some indication of the changes in results 
occasioned by the increased sophistication of the  present model. In the main 
body of our results (presented in Section 5.2) we show predictions of 
temperature distribution and species concentration using the full coupled 
two-dimensional model. For convenience, the values of the various quantities 
used in the various analyses are listed in Table 5.1.  
The Henshaw, et al. (2006) model does take account of coupling but is one-
dimensional in nature. However, the Henshaw et al model takes account of a 
number of other factors (see Chapter 2) and it is not straightforward to 
distinguish the effect of dimensionality by comparing the results with those 
obtained here. Thus, a separate 1-D model was set up and implemented with 
assumptions identical to those used in the present work. This allowed the effect of 
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changing from 1-D to 2-D to be unequivocally determined. This work is 
described in Chapter 6.   
5.1 Validation and Analysis of Earlier Modeling 
Pan, et al. (1985) computed the two-dimensional radial and through-thickness 
variation of temperature and pressure in the vicinity of a crud chimney. Using 
the same data as Pan et al, and operating the present model in an uncoupled 
form, generates essentially identical results. Comparisons, between the results 
obtained by Pan, et al. (1985) and the results obtained with the present model 
are presented in Figure 5.1 – 5.3. The results obtained with the present model 
(in its uncoupled form) for both temperature distribution (Figures 5.1 and 5.2) 
and for pressure distribution  (Figure 5.3) are in close agreement with those 
obtained by Pan et al (1985). 
Pan et al. (1987) later extended their work to address concentrations of a 
dissolved species (Lithium ions); again, with the same parameters employed, 
the present model predicts the same results. Comparisons between the results 
of Pan, et al. (1987) for the axial (through thickness) and radial concentration 
distribution and results obtained using the present model (operated in an 
uncoupled form) are shown in Figure 5.4 and Figure 5.5 respectively. Again, 
close agreement was obtained. 
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Table 5.1 
The values of the parameters used in the various analyses. 
 
Parameters  Units 
Pan, 
et al. 
(1985) 
Pan, 
 et al. 
(1987) 
Henshaw, 
et al. 
(2006) 
Present 
work 
Crud thickness   µm 25 25 59 60 
Chimney centres  µm 15.96 20.6 20.6 20 
Chimney diameter   µm 5 5 5 5  
Crud porosity ε % 80 80 80 80  
Crud / water mean 
thermal conductivity k W m
-1K-1 0.69 0.69  0.506 
Heat Flux  q MWm-2 1.11 1.80 1.11 1.5    
System pressure p MPa 15.16 15.5 15.3 15.5 
Li diffusion 
coefficient D m
2s-1  1.7E-08   
Tortuosity Γ   0.4 0.4 0.4 
Coolant boron 
concentration 
Cb 
ppm 
(gm-3) 
  1200 
(4637) 
1200 
Coolant Li 
concentration 
Cb 
ppm 
(gm-3) 
 2 (1.4) 2  
*Coolant heat transfer  
coefficient h W m
-2K-1    1.2E04 
Bulk coolant 
temperature T K    590 
*Coolant heat transfer coefficient due to forced convection has been obtained 
from Todres, et al. (1989). 
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Figure 5.1 
The use of the present model, in uncoupled form, to analyse the through 
thickness temperature variation studied by Pan, et al. (1985). 
 
 
Figure 5.2 
The use of the present model, in uncoupled form, to analyse the radial 
temperature variation studied by Pan, et al. (1985). (Radial variations are 
shown at only z=0; at the free surface values are prescribed as boundary 
conditions.)
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Figure 5.3 
The use of the present model, in uncoupled form, to analyse the through 
thickness pressure variation studied by Pan, et al. (1985). 
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Figure 5.4 
The use of the present model, in uncoupled form, to analyse the through 
thickness concentration variation studied by Pan, et al. (1987). 
 
 
Figure 5.5  
The use of the present model, in uncoupled form, to analyse the radial 
variation of concentration studied by Pan, et al. (1987). (Radial variations are 
shown at only z=0; at the free surface values are prescribed as boundary 
conditions.) 
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5.2 Results From Fully Coupled Two-dimensional Model 
In the following section, we present results from the application of the present 
fully coupled two-dimensional model, using the parameter values from Table 
5.1. The results for the coupled case are compared with results for which the 
coupling between the chimney surface solute concentration and saturation 
temperature is omitted.  
5.2.1 Temperature Distribution 
We here first present the results of the variation of temperature in the crud. 
Temperature contours are presented in Figure 5.6  and Figure 5.7 for the 
uncoupled and coupled models respectively. The colours represent the local 
temperature in the crud with minimum temperature at the coolant-crud 
interface and maximum at clad surface near the symmetry plane. The 
saturation temperature of the coolant increases from 618 K to 641 K at the 
intersection of the heating surface and the chimney face when coupling is 
taken into account. A high temperature gradient exists at the chimney face 
near the heating surface for the uncoupled model but for coupled model the 
gradient is relatively small and the radial temperature contours are more 
uniform as shown in Figure 5.7. 
Figure 5.8 shows the temperature variation through the thickness of the crud 
at chimney face and at the centre line. The most important consequence of the 
coupling is that the boiling point of the coolant at chimney face is raised due 
to the high concentration of boric acid in solution.  Here the elevation is by 
about 25 K, but, naturally, the actual numerical value depends on the 
parameter values adopted to characterize the crud and other conditions. The 
heat transfer in the radial direction is strongly affected by evaporation at the 
chimney face, therefore a non-uniform radial temperature distribution exists 
at any axial location in the crud. However, due to rise in the boiling point of 
the coolant, the radial temperature variation becomes flatter for the coupled 
model when compared with uncoupled model as shown in Figure 5.9. 
Another consequence of this increase in liquid boiling point is that it lowers 
the evaporation rate at the bottom of the chimney face and increases it away 
from the clad when compared with the uncoupled model. This mechanism 
can be observed by looking into the spatial variation of heat flux at the 
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chimney face as shown in Figure 5.10. For the uncoupled model, at the 
chimney face, the peak heat flux is about 7 MW/m2, whereas for the coupled 
model, this value is lowered by 50% and is about 3.5 MW/m2. It is interesting 
to note that for the coupled case more heat will diffuse away from the heating 
surface towards the upper part of the chimney face. This is due to increase in 
the boiling point near the clad surface. 
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Figure 5.6  
Contour plot of temperature for the uncoupled model. The temperature 
values are given in Kelvin. 
 
 
Figure 5.7 
Contour plot of temperature for the coupled model. The temperature values 
are given in Kelvin.
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Figure 5.8 
A comparison of models for temperature distribution through thickness with 
the coupling between the three phenomena taken into account, and omitted. 
 
Figure 5.9 
A comparison of models for temperature distribution in the radial direction 
with the coupling between the three phenomena taken into account, and 
omitted. 
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Figure 5.10 
Radial heat flux distribution at the chimney face for both the coupled and 
uncoupled models. 
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5.2.2 Heat Transfer Mechanisms, and The Associated Flows of Heat 
The wick boiling process addressed here is obviously an additional, different 
mechanism for heat transfer from the fuel to the coolant. Here, we will 
consider its importance relative to the normal convective heat transfer to the 
liquid coolant. 
For the conditions studied, the heat flux from the fuel element surface to the 
coolant, if crud were not present, is around 1.5 MWm-2. 
In Figure 5.11, we see that the heat flux is high into the chimney in regions 
close to the cladding, but that it falls rapidly with distance up the chimney. 
Wick boiling only occurs in the lower 50% of the crud close to the clad. The 
convective heat flux to the coolant reduced to ~1/5 of its no-crud value. 
In Figure 5.12, we show the associated heat flux vectors and temperature 
contours. Heat flow is seen to be overwhelmingly in the direction towards the 
face of the chimney, and to increase as the chimney is approached. It is 
notable that there is very little conduction of heat, in either direction, in other 
than perhaps the quarter of the crud closest to the clad. Similarly, temperature 
gradient and temperature were highest in this region, with very small 
temperature gradients in the outermost three-quarters of the crud. 
Spatial integration of the heat fluxes over the chimney surface and over the 
wetted surface allows the division of the total flow of heat between the two 
mechanisms to be determined.  For the (typical) conditions considered here, 
some 80% of the heat is lost by evaporation into the chimney, and indeed into 
the lower one quarter of the chimney, with only 20% of the heat being taken 
away by single-phase convection at the wetted surface. 
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Figure 5.11 
The distribution of heat flux from the crud. The crud is indicated by the grey 
rectangle, drawn to scale. The graph to the left of the crud shows the heat flux 
into the chimney surface by evaporation. The upper graph shows the heat flux 
associated with normal single-phase convection into the main coolant flow. 
The two graphs are drawn to the same scale. 
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Figure 5.12 
Heat flow vectors and temperature contours in the crud. Note that the axes 
are drawn to different scales and the temperature values are given in Kelvin. 
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5.2.3 Boric Acid Concentration 
Due to the very high heat flux at the chimney face near the heating surface, a 
high concentration of boric acid builds up which increases the saturation 
temperature of the coolant. For the coupled model, the concentration is 
slightly lower at the lower quarter of the chimney face near the clad as 
compared to the uncoupled model but is higher in the upper three quarters 
due to redistribution of the water flux at the chimney wall as shown in Figure 
5.13. The radial distribution of solute also changes for the coupled model as 
shown in Figure 5.14. In Figure 5.15 and Figure 5.16 we show the boric acid 
concentration contours for the uncoupled and coupled case respectively. 
In the upper part of the crud, due to zero radial velocity component, the 
concentration of the dissolved boric acid is nearly the same as that in the bulk 
coolant. However, the concentration is seen to be ~25 times the bulk value at 
the inter-chimney centre line, but to rise by a further factor of two to ~55 times 
the bulk value at the chimney face as shown in Figure 5.13 and Figure 5.14. 
For the circumstances considered here, it should be noted that the boric acid 
concentration did not exceed more than 5 mol/dm3 (see Figure 5.13). 
Moreover, at actual PWR conditions, this high concentration of boron will not 
exist due to its precipitation and reactions with other species.  
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Figure 5.13 
A comparison of models for solute concentration distribution through 
thickness with the coupling between the three phenomena taken into account, 
and omitted. 
 
Figure 5.14 
A comparison of models for solute concentration distribution in radial 
direction with the coupling between the three phenomena taken into account, 
and omitted. 
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Figure 5.15 
Contour plot for solute concentration distribution with in the crud for 
the uncoupled model.   
 
Figure 5.16 
Contour plot for solute concentration distribution with in the crud for 
the coupled model. 
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5.3 Discussion and Conclusions 
The presence of “chimneys” in the crud coating the fuel permits a wick-
boiling mechanism to take place. Latent heat of vaporization at the chimney 
face plays an important role in the transmission of heat from clad to primary 
coolant. Coolant soaks into the crud, and evaporates at the chimney face. With 
no net flow of the dissolved species, high concentrations are established in the 
crud. 
Physically consistent, coupled models have been developed of the processes 
of heat transfer, advection and diffusion of the dissolved species, and of the 
diffusion of water through the crud. Inter alia, these allow for effects such as 
the dependence of saturation temperature on the concentration of a solute to 
be taken into account. These confirm that high concentrations of dissolved 
species can be developed, with significant “radial” variations in 
concentration, in addition to elevated temperatures. 
The wick boiling mechanism seems likely to be the dominant mode of the 
transfer of heat from the fuel to the coolant, accounting for perhaps 80% of the 
heat generated. 
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CHAPTER 6 
EFFECT OF DIMENSIONALITY:  
COMPARISON OF THE 1D AND 2D MODELS 
 
There are, significant differences between the results of the 1D model of 
Henshaw, et al. (2006) and the present 2D model (as described in Chapter 5). 
It is difficult to determine whether these differences are due to differences in 
numerical dimensionality or to differences in the detailed physical models 
employed. In this present Chapter, the results of a study of the effect of 
dimensionality are presented in which the physical models are kept constant 
between 1D and 2D cases; in brief, the 2D model is that described in Chapter 5 
but the uncoupled version of the model is used (i.e. a model not invoking the 
relationship between solute concentration and saturation temperature). The 
reason for this choice is that it is possible to have an analytical solution to the 
uncoupled 1D model and this makes the comparison easier  
In what follows, Section 6.1 describes the 1D model, Section 6.2 presents 
comparisons between this model and the present 2D wick boiling model 
(described in Chapter 5) and the conclusions are given in Section 6.3.   
6.1 The 1D  Model 
The 1D model of Henshaw, et al. (2006) includes the coupling of the 
saturation temperature with species concentration and, indeed the present 2D 
model is based upon Henshaw’s work. However, the Henshaw et al model 
included a number of other effects not considered in the present model. These 
included:   
1) Radiolysis chemistry of water  
2) Magnetite dissolution and iron hydrolysis reactions 
3) Ni-Fe ferrite dissolution and nickel hydrolysis  
4) Ni metal and Ni oxide formation 
5) Boric acid chemistry and the precipitation of lithium borate 
6) Electrical potential gradient effects 
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These effects were not taken into account in the present 2D model described 
in Chapter 5.  Results are presented in Chapter 5 for both the coupled and 
uncoupled version of the 2D model; the results of the uncoupled version 
allowed validation of the methodology by comparing the predictions with 
those of Pan et al (1985, 1987) who also used an uncoupled 2D model. In the 
work described in the present Chapter, the results from the present 2D 
uncoupled model are compared with analytical solutions for a 1D uncoupled 
model, thus allowing an assessment of the effect of dimensionality.  In the 
following sections, we will present the analytical solution of the 1D 
uncoupled model.  The analytical solution contains the same level of physics 
as were used in the present uncoupled 2D model. 
6.1.1 Heat Transfer Through Porous Crud 
For a uniform distribution of steam chimneys, a single chimney and the 
surrounding porous shell has been chosen for the analysis as shown in Figure 
6.1. It is assumed that heat transfer from clad to coolant takes place by 
conduction through the wet crud and then by evaporation at the chimney 
face. An energy balance on a typical element between  x  and  x + dx  of Figure 
6.1 is shown in Figure 6.2 (a). Heat enters in this small element at  x . Some 
part of this heat leaves the cross section at  x + dx  and rest of the heat leaves by 
evaporation through the surface area  dA . The energy balance on this small 
element of length  dx  is given as: 
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e
= h
e
T ! T
sat( )dA  (6.4) 
In the above, 
 
A
c
is the area through which conduction is occurring,  k is the 
thermal conductivity of the crud, 
 
h
e
 is the heat transfer coefficient at the 
steam chimney, 
 
T
sat
is the saturation temperature and  dA  is the surface area 
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through which heat is leaving by evaporation. By substituting Equations (6.2-
6.4) into Equation (6.1) we obtain 
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T ' T
sat
( )dA = 0  (6.5) 
Noting that 
 
dA = 2!r
c
dx where 
 
r
c
is the chimney radius and substituting this 
into Equation (6.5) and expanding it, we get 
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The conduction area
 
A
c
is constant through out the thickness of the crud and 
does not change with  x , so 
 
dA
c
dx
= 0 . 
 
A
c
  is given as 
 
A
c
=
1
N
c
where, 
 
N
c
is the 
chimney density. Substituting these values in Equation (6.6), we get the 
following differential equation for temperature distribution within the crud. 
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The above equation is solved analytically subject to the following boundary 
conditions: 
At the coolant crud interface, a uniform saturation temperature is imposed. 
 
 
At   x = 0      T = T
sat
 (6.8) 
At the heating surface, a uniform heat flux from clad into the crud is applied. 
 
 
At    x = d   q
a
 = k
!T
!x
"
#$
%
&'
 (6.9) 
where   d  is the thickness of the crud and  qa  is the uniform heat flux at the 
cladding surface. 
Applying these boundary conditions, we get the following expression for 
temperature distribution 
 
T x( )  in the crud. 
 
 
T x( ) = Tsat  + 
q
a
k
sinh ax( )
a  cosh ad( )
   (6.10) 
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where  
 
 
a = 
2! r
c 
N
c
h
e
k
 (6.11) 
It should be noted that Equation (6.10) is analogous to the steady state heat 
transfer analysis from a thin fin of uniform cross section. 
 
 
 
Figure 6.1 
A Schematic diagram of 1D heat transport model of Henshaw, et al. (2006), 
showing the crud, chimney and fuel pin.  
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Figure 6.2 
A Schematic diagram of the differential elements of the crud. (a) Heat transfer 
analysis, (b) Fluid flow analysis, (c) Solute concentration analysis. 
 
6.1.2 Fluid Flow Through Porous Crud 
The flow through the porous crud is modelled as consisting of liquid flow 
from the coolant crud interface down into the crud which evaporates at the 
chimney wall. For the liquid flow inside the crud, we have considered a mass 
flow rate balance on an elemental control volume between  x  and  x + dx  of 
Figure 6.1 and is shown in Figure 6.2 (b). Liquid enters in this small element at 
 x  and leaves it at  x + dx . Some of the liquid leaves this control volume via 
evaporation through the surface area  dA . The flow rate balance on this small 
element of length  dx  is given as: 
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e
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T ! T
sat( )dA  (6.15) 
where !  is the density of the liquid,  V  is the velocity and 
 
h
fg
is the 
vaporization enthalpy of the liquid. It should be noted that the areas, 
 
A
c
and 
 dA  ,are the same as were used in the heat transfer analysis above. By 
substituting these liquid flow rate equations into Equation (6.12), we get 
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Assuming 
 
A
c
does not change with  x  and substituting the values of the 
relevant areas, we get: 
  
 
 
dV
dx
+
2! r
c
 N
c
 h
e
" h
fg
T # T
sat( ) = 0  (6.17) 
or  
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Equation (6.17) can be re written as: 
 
 
dV = !bTdx + bT
sat
dx  (6.20) 
By substituting Equation (6.10) in Equation (6.20), then integrating and 
applying the boundary condition at crud clad interface such that at 
 x = d , V = 0 , where  d  is the thickness of the crud, we get: 
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   (6.21)  
where 
 
V x( )  is the velocity as a function of  x . It should be noted that Equation 
(6.21) has to be solved simultaneously with the heat transfer relationship 
(Equation (6.10)).  
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6.1.3 Species Flow Through Porous Crud 
The flow of a species within porous crud is modelled as a combination of 
diffusive and convective flow of the species. We will now consider a species 
flow balance on a small control volume between  x  and  x + dx  of Figure 6.1. 
This control volume is shown in Figure 6.2 (c).  
The specie flow rate balance on this control volume of length  dx  is given as: 
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where 
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Substituting these in Equation (6.22), we get: 
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By assuming that area, 
 
A
c
, does not change with  x  and 
 
dV
dx
= 0  (continuity 
equation), we get the following equation. 
 
 
D
d
2
C
dx
2
!V
dC
dx
= 0  (6.27) 
In order to solve Equation (6.27), the velocity  V  should be known. By 
substituting the value of  V  from Equation (6.21) in Equation (6.27) and then 
by integrating and applying the following boundary conditions: 
 
 
At   x = 0      C = C
bulk
 (6.28) 
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!C
!x
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where 
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is the bulk coolant concentration, we get 
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where 
 
C x( )  is the solute concentration as a function of  x .  It should be noted 
that the species concentration 
 
C x( )  is dependent both on the velocity 
 
V x( )  
and temperature 
 
T x( )  in the crud.  By a careful inspection of Equation (6.30), 
it is noticed that Equation (6.30) is exactly the same as was given by Cohen 
(1974)  (see Chapter 2).  So in a way, when we reduce Henshaw, et al. (2006) 
model to the same level of sophistication as we use in our 2D uncoupled wick 
boiling model, it simply becomes the Cohen model. 
6.2 Results and Discussion 
The (uncoupled) 2D (numerical) and 1D (analytical) models were applied for 
the parameters listed in Table 6.1. The evaporative heat transfer coefficient at 
the chimney wall has been obtained from Pan et al. (1985). 
 
Table 6.1 
The values of the parameters used in this study. 
Parameters Symbol Units Values 
Crud thickness   µm 25 
Chimney centres  µm 20 
Chimney diameter   µm 5 
Crud porosity ε % 80 
Crud / water mean thermal 
conductivity 
k W m-1K-1 0.506 
Heat Flux  q MWm-2 1.5 
System pressure p MPa 15.5 
Coolant boron concentration Cb ppm (gm-3) 1200 (4637) 
Heat transfer coefficient at chimney 
wall 
he W m-2K-1 4.69E06 
 
For the axial (through thickness) temperature distribution, the 1D model 
predicts maximum temperature (623 K) at the base of crud, whereas the 2D 
model predicts a lower value (618K) at the chimney wall and a higher value 
(638K) at the symmetry plane as shown in Figure 6.3 and Figure 6.4. The 2D 
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model predicts a non-linear temperature variation in the radial (distance from 
chimney face) direction, with a very high temperature gradient near the 
chimney face. From these observations, it can be concluded that 1D model 
over estimates the temperature value at the chimney wall and under estimates 
that at the symmetry plane near the clad surface. For concentration, the 1D 
model predicts a higher concentration at the bottom of the crud (340 times the 
bulk concentration) when compared with 2D model, which predicts a lower 
concentration (60 times the bulk concentration) at this location as shown in 
Figure 6.5 and Figure 6.6.  Naturally, the actual numerical value of 
concentration factor depends on the parameters values used to characterize 
the crud. The reason of increase in solute concentration in the 1D model is 
because equation (6.30) is exponential and is very sensitive to some of the 
crud parameters such as thickness and the heat flux. With a slight increase in 
either heat flux or thickness, concentration increases dramatically. For 
example, keeping all the parameters same and by just changing the crud 
thickness from 25 to 50 microns, the 2D model predicts a concentration of 
about ~72 times the bulk concentration at the bottom of crud whereas the 1D 
model predicts it to be ~ 178000 times the bulk concentration at the same 
location. In reality, this high concentration of boron predicted by 1D model 
will not exist due to chemistry limitations. Clearly it can also be seen that 
there is a radial variation of concentration predicted by the 2D model with 
very high concentration near the chimney face and a lower value at symmetry 
plane. The difference in concentration across the radius the 2D model predicts 
is about ~ 45 times the bulk concentration. The 1D model lacks this feature 
and predicts the same value of concentration everywhere at the bottom of the 
crud. 
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Figure 6.3 
A comparison of 2D model with the 1D model for through thickness 
temperature distribution at the chimney face and at symmetry plane. 
 
 
 
 
 
Figure 6.4 
A comparison of 2D model with the 1D model for radial temperature 
distribution at the bottom of the crud. 
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Figure 6.5 
A comparison of 2D model with the 1D model for through thickness solute 
concentration distribution at the chimney face and at symmetry plane. 
 
 
 
 
Figure 6.6 
A comparison of 2D model with the 1D model for radial temperature 
distribution at the bottom  of the crud. 
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6.3 Conclusion 
It may be concluded from the analysis of dimensionality presented here that 
very important differences exist between 1D and 2D models. The ID modes 
are, of course, incapable of predicting radial variations of temperature and 
solute concentration in a direction normal to the chimney face but is also 
noteworthy that values of these parameters predicted at the actual chimney 
face are very different between the 1D and 2D representations.  
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CHAPTER 7  
THE FULL MODEL: INCLUSION OF HEAT TRANSFER 
IN THE CLAD AND PARAMETRIC SURVEY  
 
In this Chapter, a development of the model described in Chapters 5 and 6 is 
presented which is aimed at obtaining a full model of the heat transfer from a 
crud-covered surface. In the earlier models, it was assumed that the heat flux 
from the clad surface was constant. However, as will be seen from the 
description below, the heat flux from the clad surface may depart significantly 
from being constant due to lateral conduction in the clad metal. In the full model, 
this lateral conduction is taken into account. The fuel clad is made of Zirconium 
alloy. It should be noted that for this full model, we are ignoring the ZrO2 layer 
present in between the clad and crud. Section 7.1 describes the development of 
the full model. The full model was used to carry out a survey of the influence of 
system parameters and the results of this parametric survey are presented in 
Section 7.2. Finally, Section 7.3 presents some overall conclusions from this part 
of the work.  
7.1  The Full Model: Bases and Effect on Heat Transfer  
In the analyses of crud heat transfer described in the literature (and specifically 
those of Cohen (1974), Macbeth (1971), Pan, et al. (1985) and  Henshaw, et al. 
(2006)), a basic assumption has been that there exists a uniform heat flux at the 
crud-clad interface. This assumption has been retained in the new models 
described in Chapters 5 and 6.  Though it would be reasonable to assume that the 
heat flux would be approximately constant at the fuel-clad interface it seems 
unlikely that the heat flux would be constant (as previously assumed) at the 
crud-clad interface. The fuel clad has a thermal conductivity around 25 times 
higher than the crud (Othman (2004)). The lateral conduction in that part of the 
clad in contact with the crud (in response to the temperature changes at the crud-
clad interface) could be expected to play a role in creating a non-uniform heat 
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flux at the crud-clad interface. In the work described in this Chapter, the effect of 
the clad underneath the crud layer was taken into account in describing the heat 
transfer process; though a constant heat flux has been assumed at the fuel-clad 
interface, a solution is obtained (using the finite volume method described in 
Chapter 4) which includes conduction in the clad and which leads to a natural 
variation of the crud-clad heat flux with position.  
In what follows, Section 7.1.1 summarises the methodology and Section 7.1.2 
compares the results obtained with and without the clad heat transfer included 
for both the uncoupled case (Section 7.1.2.1) and the coupled case (Section 
7.1.2.2). 
7.1.1  Bases of Methodology 
The methodology for the calculations described in this Chapter is similar to that 
described in Chapters 3 and 4 but with additional account being taken of 
conduction in the clad. This means that neither the clad temperature nor the clad-
crud heat flux is assumed constant in this solution. The two-dimensional (r-z) 
solution domain adopted is illustrated in Figure 7.1; a uniform distribution of 
chimneys is assumed. The solution domain (indicated in grey), governing 
equation and boundary conditions for each of the three processes considered 
(heat transfer, liquid flow and solute diffusion) are shown in Figure 7.2. In PWRs, 
the crud does not fully cover the surface of the fuel pin and is present in the form 
of small patches. In Figure 7.2, for heat transfer model, the adiabatic boundary 
condition at clad outer radius is only true if the crud patch is reasonably large. 
The standard input values used for the present analysis are presented in Table 
7.1; the effects of changing some of these parameters are described in Section 7.2. 
Note that, In Table 7.1, the heat flux at the clad outer surface is slightly higher 
than that at the inner surface. The reason is that the total amount of heat (Watt) 
passing through the inner and outer clad surface is same but cross sectional areas 
are different.  
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Figure 7.1 
Clad, crud and chimneys, and the axi-symmetric solution domain adopted. The 
characteristic spatial dimensions are in microns. 
 
Figure 7.2 
Solution domain, governing equations and boundary conditions of the coupled 
heat and mass transfer model.
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Table 7.1 
 Parameters values used for the present analysis. 
Parameters Units Present 
Work 
Crud thickness  µm 35 
Chimney centres µm 20 
Chimney diameter  µm 5 
Crud porosity % 80 
Crud / water mean thermal conductivity W m-1K-1 0.69 
Heat Flux at inner surface of clad MWm-2 1.2 
Heat Flux at the bottom of crud MWm-2 1.27 
System pressure MPa 15.5 
Tortuosity  0.4 
Coolant boron concentration ppm (gm-3) 1200(4637) 
Coolant heat transfer coefficient W m-2K-1 1.2E04 
Bulk coolant temperature K 590 
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7.1.2 Investigation of Effects of Clad Heat Transfer 
7.1.2.1 Uncoupled Case 
In the uncoupled case, the two-dimensional model solves the temperature, 
pressure and species concentration equations only once. It does not include the 
coupling of solute concentration with coolant saturation temperature.  
Temperature distribution in the crud for the uncoupled case. Figure 7.3 and 
Figure 7.4 show the temperature distribution in the crud in the vertical and 
radial directions respectively. It can be clearly seen that degree of superheat is 
less at the bottom of the crud when the clad is included in the analysis than when 
the clad omitted. The reason is that since clad has a very high thermal 
conductivity (25 times greater) when compared with the crud, the heat will 
follow the easiest route to escape from the chimney. The evidence of this 
phenomena can be observed from Figure 7.5 which shows that heat flux is 
concentrated (with a peak heat flux about 4 times the average value) near the 
base of the chimney.  It is also interesting to note that with inclusion of the clad 
metal in the analysis, a very high radial temperature gradient exists near the 
chimney face area, where the heat flux is concentrated. Away from the chimney 
face the gradient is very small. As a result of this, the radial temperature 
distribution becomes flatter when compared with the case where a uniform heat 
flux at the clad-crud interface is assumed. 
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Figure 7.3 
The use of the present model, in uncoupled form, to analyses the temperature 
variation through thickness with clad included and omitted. 
 
 
Figure 7.4 
The use of the present model, in uncoupled form, to analyses the temperature 
variation in radial direction with clad included and omitted. 
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Figure 7.5 
Heat flux distribution at crud-clad interface for the uncoupled case, with clad 
included and omitted. 
 
Solute concentration distribution in the crud for the uncoupled case. Figure 7.6 
and Figure 7.7 show the boric acid concentration variation through the thickness 
and in the radial direction in the crud respectively. With the clad included in the 
model, the vertical distribution of boric acid concentration shows a slight 
increase at the chimney wall and a decrease at the centre line when compared 
with the case where the clad was omitted. The reason is that the localized heat 
flux at the chimney face near the clad is much higher (the peak heat flux is about 
6 times higher than the average value) when compared with that calculated 
assuming a constant clad-crud heat flux as shown in Figure 7.8. As a result of the 
very high localized heat flux, the flow rate in the crud increases, ultimately 
resulting in bringing more solute through advection. 
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Figure 7.6 
The use of the present model, in uncoupled form, to analyses the axial solute 
concentration variation in the crud with clad included and omitted. 
 
 
Figure 7.7 
The use of the present model, in uncoupled form, to analyses the radial solute 
concentration variation in the crud with clad included and omitted. 
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Figure 7.8 
Heat flux distribution at chimney face for the uncoupled case, with clad included 
and omitted.  
 
7.1.2.2 Coupled Case  
For the coupled analysis, the two-dimensional model considers the increase in 
saturation temperature of the coolant with solute concentration. The correlation 
used for the increase in saturation temperature is given in Figure 3.3 (Chapter 3). 
Temperature distribution in the crud for the coupled case. Figure 7.9 and Figure 
7.10 show the vertical and radial variation of temperature in the crud. The effects 
of inclusion of the clad metal in the analysis can clearly be seen with a slight 
increase in temperature near the chimney face and a reduction in temperature 
everywhere away from the chimney face. The main reason for this rise in 
temperature is the existence of a high concentration of solute at the chimney face 
near the clad-crud junction, which increases the saturation temperature of the 
coolant inside the crud. The reason for the reduction in temperature away from 
the chimney face is that the clad-crud heat flux is increased in the region near the 
chimney and this results in a lower value elsewhere and hence a reduction in the 
temperature. The peak heat flux value is about 3 times higher than the average 
value as shown in Figure 7.11. As in the uncoupled case, the variation of 
temperature in the radial direction is very small. 
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Figure 7.9 
The use of the present model, in coupled form, to analyses the axial temperature 
variation in the crud with clad included and omitted. 
 
 
Figure 7.10 
The use of the present model, in coupled form, to analyses the radial temperature 
variation in the crud with clad included and omitted. 
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Figure 7.11 
Heat flux distribution at crud-clad interface for the coupled case, with clad 
included and omitted. 
 
Solute concentration in the crud for the coupled case. For the coupled case, the 
solute concentration calculated taking account of heat transfer in the clad 
increases everywhere in the crud relative to the value calculated assuming a 
constant clad-crud heat flux, (Figure 7.12 and Figure 7.13).  This is especially so at 
the chimney wall and at the bottom of crud. The reason for this increase in 
concentration is the spatial variation of heat flux at chimney face. Near the 
chimney, the localized heat flux is higher than in the case where a constant clad-
crud heat flux is assumed (Figure 7.14). Since heat flux is proportional to the 
coolant mass flux, the advective component of solute flux is thus also higher. 
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Figure 7.12 
The use of the present model, in coupled form, to analyse the axial solute 
concentration variation in the crud with clad included and omitted. 
 
 
Figure 7.13 
The use of the present model, in coupled form, to analyse the radial solute 
concentration variation in the crud with clad included and omitted.
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Figure 7.14 
Heat flux distribution at chimney face for the coupled case, with clad included 
and omitted. 
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7.2 Applications of the Full Model: Parametric Survey 
In this Section, results from the application of the full model (i.e. the fully 
coupled version incorporating clad heat transfer) are presented.  In Section 7.2.1, 
the use of the model to investigate the heat transfer mechanism is described. In 
Section 7.2.2, the results from using the full model to investigate the effects of 
system parameters are presented. These parameters include chimney density 
(Section 7.2.2.1), chimney radius (section 7.2.2.2), crud porosity (Section 7.2.2.3), 
crud thickness (Section 7.2.2.4), boric acid concentration (Section 7.2.2.5) and heat 
flux (Section 7.2.2.6).   
7.2.1 Application of The Full Model: Heat Transfer Mechanism 
In the case where heat transfer in the clad is considered, wick boiling is still the 
dominant mode of heat transfer with about 75% of the heat going through the 
chimney face and 25% through single-phase convection at the coolant crud 
interface. In Figure 7.15, we show the amount of heat going through the chimney 
face and through the crud-coolant interface. A little condensation is also 
observed at the upper part of the chimney. Note that this condensation is very 
sensitive to the degree of sub-cooling of the coolant and to the single-phase heat 
transfer coefficient. Figure 7.16 shows the contour plot of temperature and the 
heat flow vectors in the crud. Evaporation at the bottom of the steam chimney 
and condensation at the upper part can clearly be observed from these contour 
plots.  
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Figure 7.15 
The distribution of heat flux from and in the crud with clad included in the 
analysis. The crud is indicated by the grey rectangle, drawn to scale. The graph 
to the left of the crud shows the heat flux into the chimney surface by 
evaporation. The upper graph shows the heat flux associated with normal single-
phase convection into the main coolant flow. The lower graph shows the heat 
flux from clad into the crud. 
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Figure 7.16 
Contour plot of temperatures, and a plot of heat flow vectors, in the crud.
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7.2.2 Application of The Full Model: Parametric Analysis 
Crud formation depends upon different factors such as reactor operating 
conditions, type of deposits and coolant chemistry etc. A parametric analysis has 
been carried out in order to investigate the effect of different parameters on 
temperature and species concentration distribution within the porous crud layer. 
7.2.2.1 Effect of Chimney Density 
Steam chimney formation in PWR crud is a complex phenomenon and depends 
upon various factors, such as the porosity of the crud, the pore size of crud, the 
imposed heat flux and the primary coolant conditions. In the literature, chimney 
densities of the PWR crud have been reported to be in the range of 3000 to 5000 
chimney/mm2 (see Chapter 2). We have investigated the effect of chimney 
population on temperature and species concentration distribution within the 
porous crud layer by using the parameters values given in Table 7.1. The results 
obtained are presented in Figure 7.17. By decreasing the chimney population, the 
radial conduction length (distance from chimney face to symmetry plane) 
increases, which increases the temperature at the bottom of crud. Consequently, 
new chimneys can be formed due to this higher temperature. Similarly with an 
increase in chimney density, the magnitude of the radial heat flux component at 
chimney face also decreases. This is due to the fact that an increased chimney 
density reduces the area occupied by the porous crud. 
If the chimney population is decreased, the species concentration increases 
throughout the crud space, but especially at the chimney face and at the bottom 
of crud. This is because increased chimney density, increases the effective 
evaporative area at the chimney faces, thus reducing the evaporation rate at the 
chimney face. This effect can be clearly seen from the spatial distribution of heat 
flux at the chimney face. 
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Figure 7.17 
Effect of chimney density, (a) Boric acid distribution through thickness, (b) Boric 
acid distribution in radial direction, (c) Temperature distribution in radial 
direction, (d) Heat flux distribution through thickness at chimney face. 
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7.2.2.2 Effect of Chimney Radius 
The steam chimneys in the crud are very important since (in wick boiling) most 
of the heat is transferred through them via evaporation. Only limited data about 
the crud structure and chimney radius is available. A typical value of the PWR 
crud chimney diameter reported in the literature is about 5 microns (see Chapter 
2). It is therefore, important to investigate the effect of the chimney radius on 
temperature and solute concentration distribution within the porous crud. We 
have examined this effect for a range of chimney diameters (2 to 6 microns) by 
using the parameters values given in Table 7.1.  The results for the effect of 
chimney diameter are presented in Figure 7.18. 
By decreasing chimney radius, the radial conduction length (distance from 
chimney wall to symmetry plane) increases, which increases the temperature at 
the bottom of crud. Another possible reason for this increase in temperature is 
that with decreasing chimney radius, the evaporative area at chimney face also 
decreases, which increases the heat flux at chimney face. The fraction of energy 
released through thermal conduction through the crud will increase as the 
chimney radius decreases. For the present study, the heat loss through the 
coolant-crud interface is 25% and 21.5% for chimney radii of 1 and 3 microns 
respectively. As the chimney radius approaches zero, all of the heat transfer will 
take place via thermal conduction through wet crud. 
It can also be seen that as the chimney radius increases, the concentration at the 
chimney wall does not change very much. However, it increases gradually into 
the crud and away from chimney face at the bottom of crud. The reason is that, 
with the decrease in radius, the evaporative surface area reduces and thermal 
conduction area slightly increases. This is associated with a slight reduction in 
the mass of liquid evaporating through the chimney face, which ultimately 
decreases the species concentration at the bottom of crud.   
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Figure 7.18 
Effect of chimney radius, (a) Boric acid distribution through thickness, (b) Boric 
acid distribution in radial direction, (c) Temperature distribution in radial 
direction, (d) Heat flux distribution through thickness at chimney face. 
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7.2.2.3 Effect of Porosity 
The crud found in PWRs has a wide range (50-80%) of porosities. A recent study 
has revealed that complex chemical reactions take place with in the crud due to 
the build up of high temperatures and concentrations (Henshaw, et al. (2006)). As 
a result of these reactions, deposition of different species may result which can 
decrease the porosity of the crud. Moreover, different impurities from the 
primary coolant can also adsorb on the crud and can contribute towards the 
reduction of porosity. It is therefore interesting to investigate the effect of 
porosity on temperature and species concentration within the crud. A study was 
therefore conducted in which the porosity was varied (all other parameters had 
the values listed in Table 7.1); the results are presented in Figure 7.19. A decrease 
in porosity increases the thermal conductivity of the wet crud and decreases the 
diffusion coefficient of boron. The effective thermal conductivity has been 
evaluated by using the Maxwell formula (Pan, et al. (1985)), which is valid only 
for porosities greater than 50%. It has been found that the lower the porosity, 
higher is the thermal conductivity of the wet crud, which means more heat can 
be conducted through the wet crud. This is associated with a lower degree of 
superheat at the bottom of the crud. For cruds with 50% and 90% porosity 
respectively, the fractions of the heat transported through the coolant-crud are 
about 25% and 21% respectively. The peak heat flux value at the chimney face 
also increases with increase in the porosity. It can also be seen that lower 
porosities produce a lower evaporation rate in the lower quarter of the chimney 
wall but higher evaporation in the upper three quarters of the chimney wall. This 
is all due to the higher thermal conductivity of crud for lower porosities. The 
effect of porosity on solute concentration is also very prominent. For lower 
porosities, the concentration increases both at the chimney wall and at the 
bottom of crud. However, the concentration is nearly the same at the intersection 
of the chimney wall and heating surface. 
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Figure 7.19 
Effect of porosity, (a) Boric acid distribution through thickness, (b) Boric acid 
distribution in radial direction, (c) Temperature distribution in radial direction, 
(d) Heat flux distribution through thickness at chimney face. 
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7.2.2.4 Effect of Crud Thickness 
The crud found in PWR systems has a thickness in the range of 25-100 microns 
(see Chapter 2). The thickness depends upon the water chemistry, the reactor 
conditions, the time fuel spends in the core etc. It is therefore, important to 
investigate the effect of crud thickness on the thermal performance of the fuel 
element and on the species concentration within the crud. For the present study 
the crud thickness was varied with all other parameters values being maintained 
at the values given in Table 7.1. The results are presented in Figure 7.20. It has 
been observed that increasing the crud thickness not only increases the solute 
concentration but also increases the temperature at the bottom of the crud, which 
is in agreement with the experimental observations of Macbeth, et al. (1971). The 
reason for the increase in temperature is that, with increase in the thickness, the 
solute concentration level increases. Higher concentrations are expected for thick 
crud layers because such thick crud layers offer longer solute back diffusion 
paths. Consequently, solute concentration increases everywhere especially near 
the cladding surface. Since solute concentration is coupled with saturation 
temperature of the coolant, as a result of the raised boiling point, a high 
temperature exists at the bottom of the crud for thick crud layers. Another 
consequence of this solute coupling is that the temperature distribution tends to 
be flatter near the clad surface for thick crud layers.  
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Figure 7.20 
Effect of thickness, (a) Boric acid distribution through thickness, (b) Boric acid 
distribution in radial direction, (c) Temperature distribution in radial direction. 
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7.2.2.5 Effect of Boric Acid Concentration in The Coolant 
Boric acid is mainly used in reactors for secondary reactivity control. The present 
model has been used to investigate the effect of boron concentration in the 
primary coolant; all other parameters had the values listed in Table 7.1. The 
results are presented in Figure 7.21. As the boric acid concentration increases in 
the coolant, the boron concentration within the crud also increases. Due to the 
coupling of solute concentration and coolant saturation temperature, increasing 
the boron concentration in the coolant also raises the temperature near the clad 
surface.  
7.2.2.6 Effect of Heat Flux 
In a PWR, the heat flux is usually in the range 1-2 MW/m2 depending upon the 
reactor conditions. It is therefore, important to investigate the effect of heat flux 
on the performance of clad surface temperature and solute concentration within 
the crud. An investigation of the effect of heat flux was made using the fully 
coupled model (including the representation of heat transfer in the clad). Apart 
from the heat flux, all other parameters were maintained at the values given in  
Table 7.1. The results are presented in Figure 7.22. It can be seen that as the heat 
flux increases, the temperature tends to increase near the clad surface. This is 
because more energy is diffusing through the porous crud layer. Solute 
concentration also increases with the heat flux. Though a fixed crud structure has 
been assumed in the calculations, an increase in heat flux may lead to structural 
changes, for instance the formation of additional chimneys.  
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Figure 7.21 
Effect of Boric acid concentration in the primary coolant, (a) Boric acid 
distribution through thickness, (b) Boric acid distribution in radial direction, (c) 
Temperature distribution in radial direction. 
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Figure 7.22 
Effect of heat flux, (a) Boric acid distribution through thickness, (b) Boric acid 
distribution in radial direction, (c) Temperature distribution in radial direction. 
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7.3 Conclusions 
In this chapter, the extension of the model described in Chapters 3 and 4 to take 
account of 2D conduction in the clad has been described.  Specifically, the 
assumption of a constant clad-crud heat flux (used in our first model and in 
previous models described in the literature) has been removed and the local heat 
flux and temperature at the clad-crud interface calculated using the numerical 
model. This change shows that the local heat flux at the clad-crud interface can 
vary considerably with position (though the heat flux at the fuel-clad interface is 
maintained constant). The new complete model has been used in a parametric 
survey to evaluate the effect of various parameters on temperature and solute 
distribution. Several observations and conclusions can be drawn from this study: 
(1) The inclusion of 2D conduction in the clad increases the maximum 
temperature and solute concentration in the crud. About 10% increase in 
concentration has been observed compared with the model assuming 
constant clad-crud heat flux.  
(2) The temperature near the clad surface and remote from the chimney 
reduced significantly with the inclusion of 2D conduction in the clad. This 
is because the heat flux is not uniform at the outer clad surface and is 
concentrated more near the chimney face. 
(3) The wick boiling mechanism is the dominant mode of the transfer of heat 
from the fuel to the coolant, accounting for perhaps 80% of the heat 
generated. 
(4) The solute concentration increases with increasing the chimney radius; 
decreasing chimney density; increasing crud thickness; increasing heat 
flux and increasing solute concentration in the primary coolant. 
(5) The temperature at the clad-crud interface increases with decreasing 
chimney density; decreasing chimney radius; increasing heat flux; 
increasing porosity; increasing thickness and increasing boron 
concentration in the primary coolant. 
The results from this parametric survey using the full model confirm the 
dominant importance of the wick boiling mechanism and the relative 
 155 
complexity of the effect of the various parameters.  Clearly, the number and 
radius of the chimneys formed in the crud are of crucial significance and 
both are essentially unknown in any particular application (though the 
values chosen for study here are typical of those observed in an actual crud). 
Similarly solute inside the crud can reach the solubility limit and may 
precipitate inside the crud, thus changes the porosity of the crud. Therefore, 
to make the model totally predictive it would be necessary to develop a 
method which allows estimation of the crud porosity and of the 
characteristics of the chimneys formed.  Bearing in mind the plethora of 
situations in which cruds with chimneys occur, it may not be feasible to 
develop such a method. Thus, experimental observations of the 
crud/chimney structure coupled with the application of the type of 
modelling method described here could be the only realistic way forward.  
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CHAPTER 8  
PREDICTION OF EFFECTIVE THERMAL 
CONDUCTIVITY OF CRUD USING 
THE WICK BOILING MODEL 
 
This chapter describes the application of the wick boiling model to evaluate the 
effectiveness of the wick boiling process and to characterize the fuel thermal 
performance in terms of effective thermal conductivity of the crud.  The version 
of the model used is that described in Chapter 7 – i.e. including the effect of 
conductance in the clad metal. The non-linear dependence of this effective 
thermal conductivity on parameters such as crud thickness and chimney density 
is also determined. 
Macbeth, et al. (1971) noted that simple models of the thermal resistance of wet 
crud predict temperatures that would be expected to cause more fuel failures 
than are observed; he suggested that the effective thermal conductivity of the 
crud is increased as a result of the ‘wick boiling’ mechanism.  Moreover, post-
irradiation inspection of the crud shows evidence of large pores penetrating the 
crud to and it is believed that these provide a mechanism for wick boiling to 
occur to improve heat transfer from the clad surface (Byers (2010)). 
In the work described in this Chapter, the two-dimensional wick boiling model is 
used to identify the conditions when wick boiling is expected to dominate, and 
to associate with this mechanism an ‘effective’ thermal conductivity of the crud, 
to facilitate comparison with reactor-scale experimental measurements. 
In the first section of this chapter, we consider the thermal hydraulic effects of 
crud, and the cladding temperatures to be expected in the absence of wick 
boiling and in the later sections, we apply the two-dimensional wick boiling 
model to identify the conditions under which wick boiling is to be expected, and 
the corresponding effective thermal conductivity.  
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8.1 Heat Transfer From Crud-Coated Fuel Without Wick 
Boiling 
The formation of crud on fuel rod changes the thermal hydraulics conditions in a 
PWR. The surface crud acts in two ways to influence the thermal hydraulics of 
the system: 
(1) The crud layer is expected to have surface roughness which is rougher that of 
the un-crudded fuel element. This would increase the pressure drop and also the 
convective heat transfer coefficient between the crud surface and the coolant. 
These effects have not been considered in the present study.  
(2) The presence of the crud will provide an additional resistance to heat transfer. 
In the absence of wick boiling, the mechanism of heat transfer through the crud 
is that of thermal conduction through a fluid-filled porous medium. In what 
follows, the likely magnitude of the thermal conductivity of the crud layer in the 
absence of wick boiling is addressed; the wick boiling case is dealt with in 
Section 8.2.  
The conductivity of a fluid-filled crud may be estimated, in terms of the thermal 
conductivities of the two phases (kSOLID and kFLUID) , and the void fraction ε in the 
crud, from the Maxwell formula (Pan, et al. (1985)): 
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The Maxwell formula is only applicable for porosities greater than 50%; a typical 
crud porosity is 80% so the equation is applicable.  Figure 8.1 shows the 
consequent dependence of crud thermal conductivity on porosity. For the 
porosities considered here, the thermal conductivity is dominated by that of the 
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fluid. A vapour-filled crud is seen to have a thermal conductivity less than half 
that of water-filled crud. Also shown for comparison is the conductivity of solid 
(non-porous) magnetite (this is much higher than that of the crud).  
In a PWR, the usual mode of heat transfer from clad to coolant is single-phase 
forced convection. In the presence of crud, the mechanism of heat transfer 
changes depending upon the deposit type. These deposits are classified as either 
having or not having chimneys.  In the absence of wick boiling, the mechanism 
for transmission of heat to the coolant is by conduction through the crud. The 
crud in effect adds an additional ‘thermal resistance’, analogous, for example, to 
the thermal resistance presented by the pellet-clad gap. 
In order to investigate the modification to the fuel radial temperature profile 
caused by the crud coating, the parameters from Table 8.1 were used in 
Equations (8.1) and (8.2) to find the conductivity of the water-filled crud. The 
value found was   0.692 Wm-1K-1. Using this value, the temperature profiles in the 
presence of crud layers of 32 and 64 microns in depth were calculated and are 
shown in Figure 8.2. It has been calculated that the clad surface temperature is 
increased considerably, by about 3K per micron of crud. 
For the circumstances considered here, the bulk saturation temperature, 
indicated as a horizontal line on the figure, is reached at about 10 microns into 
the crud. Even though, due to capillarity effects associated with the small pore 
size,  vaporisation will not occur until some temperature higher than this, there 
will be a layer of vapour-filled crud further into the crud  for cases with crud 
significantly more than 10 microns thick. With a thermal conductivity of this 
vapour-filled crud (about 1/3 that of a water-filled crud), clad temperatures 
higher than those shown in Figure 8.2 are likely to occur.  
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Figure 8.1 
Crud thermal conductivity, as a function of porosity, with the porosity occupied 
by water and water vapour. Also indicated are the conductivity of solid crud, 
taken as magnetite, and of water and steam.  
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Figure 8.2 
 Radial temperature profiles with a 32 micron and 64 micron crud layers (no wick 
boiling). 
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8.2 Heat Transfer From Crud-Coated Fuel With Wick Boiling  
If the mechanism of heat transfer through the crud was only one of thermal 
conduction through a water-filled porous crud layer, then the consequent high 
temperatures would be such as to cause more problems with fuel failure than are 
actually observed. One possible explanation for this stems from the structure of 
the crud. Rather than a homogeneous porous solid, post-irradiation examination 
indicates that the crud contains relatively coarse interconnected passageways. 
The mouths of these pores are visible in Figure 1.1, Chapter 1, and their paths are 
visible in the sections of Figure 1.2, Chapter 1. These passageways provide 
locations where vapourisation can occur, with the vapour then escaping and the 
water being replenished by diffusive flow. This mechanism was proposed 
originally by  Macbeth (1971) and the literature on it is summarised in Chapter 2. 
The wick boiling mechanism implies that a complex set of coupled phenomena 
govern behaviour, including conduction, porous medium flow, and migration 
within that flow of various dissolved species. The analyses presented earlier in 
this thesis address the prediction of these processes. More recent work by 
Henshaw, et al. (2006) has investigated, in particular, the complex chemical 
interactions associated with this. 
Our primary interest here is in the way in which the removal of heat from the 
crud is facilitated by wick boiling, and in how the effective thermal conductivity 
of the crud is thereby changed. This mechanism provides an explanation as to 
why the high temperatures suggested above are not expected. 
8.2.1 Wick-Boiling Behaviour 
The composition and morphology of crud is very complex and uncertain.  
Among other things, the solubility of much of the material from which it is 
formed varies with temperature and pressure, which means that the crud present 
under reactor conditions may well have characteristics (such as pore sizes) 
significantly different from those of the crud on which measurements are 
eventually made in a laboratory. The thermal conductivity of the solid phase is 
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uncertain, reflecting its uncertain composition, even if it were present in bulk as a 
homogeneous material. This is further compounded by its chaotic morphology. 
An inevitable consequence of all this is that numerical values of model 
predictions will have large uncertainties. A realistic aim of such analysis, 
however, is to attempt to identify the main processes at work, their relative 
importance, and their dependence on the major parameters. 
In the previous chapter, the predictions of the newly developed two-dimensional 
coupled wick boiling model for temperature and concentration distribution in 
the crud were presented. It can be seen that the mechanism that is mainly 
responsible for the removal of heat from clad to the coolant is radial conduction 
towards the chimney with vaporization occurring at the chimney face. More than 
75% of the heat is removed via latent heat of vaporization at the chimney face 
and about 25% via single phase forced convection. 
Using our model, we will now identify the circumstances under which this 
mechanism, of heat removal by wick boiling, is expected to be dominant. We will 
then characterise the behaviour, expressing it in terms of an ‘effective thermal 
conductivity’ for the crud. One reason for the significance of this characterization 
is that it is really only this that can be measured in reactor-relevant large-scale 
experiments, and an understanding of its appropriateness and helpfulness is 
necessary. 
8.2.2 When is Wick Boiling Likely? 
Clearly, if the chimneys are separated by many crud thicknesses, we would not 
expect their influence to extend over the whole fuel surface; the thermal 
behaviour might be expected to tend towards that depicted in Figure 8.2. Thus, 
calculations have been performed with a range of separations to determine the 
chimney density required to cause wick boiling to be the dominant mechanism 
for heat removal. The parameter values used for the present analysis are listed in 
Table 8.1. 
To define an equivalent crud thermal conductivity, it is necessary to establish the 
temperatures at the crud boundaries; this is difficult since these temperatures 
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vary with position. However, from the temperature predictions reported in 
Chapter 7, it was seen that there is only a fairly small temperature variation 
along the clad – crud interface, and along the crud – coolant interface. To define 
an ‘equivalent’ crud thermal conductance, weighted averages of each of these 
temperatures have been used. 
Figure 8.3 shows the predicted difference in temperature, averaged over the 
surface, between the metal-crud and crud-water interfaces. Also shown are the 
corresponding temperature differences for the case of where no chimneys are 
present. It can be seen that as the chimney separation increases, the temperature 
difference approaches the normal values, as predicted by the wet crud model 
discussed above. The chimney spacing at which this occurs is greater for a thick 
crud, as would be expected. For smaller chimney separations, the temperature 
rise through the crud is seen to be very much smaller than the simple wet crud 
model would predict. 
The same data is presented in a different form in Figure 8.4. Considering for 
example the case of the well-separated chimneys (orange line), it is seen that, 
with a distance between chimney centres of 133 microns, it is not until a crud 
thickness of ~30 microns that any significant difference from the case of a wet 
crud without chimneys is observed. For more closely spaced chimneys, the 
temperature rise through the crud is much reduced by the chimneys. It is notable 
that the temperature of the cladding is predicted to be only weakly influenced by 
the thickness of the crud in the case of a crud with chimneys; this is, of course, 
quite different from the case of a crud without chimneys. 
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Table 8.1 
Values of parameters employed in the analyses presented here (unless stated 
otherwise for individual studies) 
Crud thickness  µm 4-64 
Chimney centres µm 13-133 
Chimney diameter  µm  5 
Crud porosity % 80 
Crud solid conductivity Wm-1K-1 4.5 
Tortuosity of porosity  0.4 
Coolant boron concentration ppm  
gm-3 
1200  
4637 
Coolant liquid conductivity Wm-1K-1 0.453 
Coolant vapour conductivity Wm-1K-1 0.15 
Bulk coolant temperature K 590 
Heat flux  MWm-2 1.0    
System pressure MPa 15.5 
Coolant heat transfer coefficient W m-2K-1 1.2E04 
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Figure 8.3 
Clad to coolant mean temperature difference versus distance between chimney 
centres, for a range of clad thicknesses. Also shown are the temperature 
differences that would be present in the case of a crud with no chimneys. 
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Figure 8.4 
Clad to coolant mean temperature difference versus crud thickness, for a range 
of distances between chimney centres. Also shown is the variation of 
temperature difference that would be present in the case of a crud with no 
chimneys. 
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8.3 Effective Crud Thermal Conductivity 
In reactor-scale measurements of the thermal effects of crud the most natural 
quantity to try to measure is the temperature difference across the clad, the crud 
and the water-side boundary layer. From this measurement, a crud thermal 
conductivity can be estimated. This is one of the uses of the rig ( ‘WALT’ ) 
described by Wang, et al. (2010). 
The results from the present model can be used to calculate the equivalent crud 
thermal conductivity. Figure 8.5 shows the dependence of effective thermal 
conductivity, calculated from the model, on crud thickness and chimney spacing. 
It can be seen that the crud effective thermal conductivity strongly depends on 
the local geometry. 
In the reactor case, the observed separations between crud chimneys are 
generally in the range of a few microns to ten or so microns; this indicates that 
the wick boiling mechanism will generally be applicable to this case.  
It is convenient to combine the results, to give an approximate, but fairly robust, 
indication of the dependence of effective conductivity on the main parameters 
that affect it (namely the crud thickness and the chimney separation). Results of 
this form are shown in Figure 8.6. It is clear that the wick boiling mechanism has 
the ability to reduce clad temperatures significantly, over a wide parameter 
space. 
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Figure 8.5 
Crud effective thermal conductivity as a function of chimney separation and 
crud thickness. The conductivity of chimney-free wet crud is indicated also. 
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Figure 8.6 
The dependence of effective conductivity on crud thickness and chimney 
separation, obtained by aggregating the results of the previous analyses. The 
numbers in the legend indicate to which values of crud centre each data point 
corresponds. 
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8.4 Conclusions 
It has been shown that, assuming a uniform crud porosity and in the absence of 
chimneys, the usual porous medium model of thermal conductivity predicts 
values that would cause very high clad temperatures, even if vapour-film 
generation does not occur. 
The role of wick boiling in crud ‘chimneys’ has been investigated using a 
coupled two-dimensional model. Whilst a major thrust of this model is the 
investigation of the movement and concentration of the dissolved species from 
the coolant into the crud (where they can be concentrated by factors of 50 and 
above – see Chapter 7) attention in this present Chapter has been focused on the 
associated thermal consequences. 
The dramatic effect wick boiling has on the thermal performance has been 
quantified. The behaviour of the crud coating has been characterized, 
pragmatically, in terms of an ‘effective thermal conductivity’, whilst noting that 
the heat transfer processes at work are overwhelmingly NOT thermal 
conduction. The dependence of this effective conductivity on the main parameter 
that affects it, namely the chimney separation, has been quantified. The predicted 
temperature difference through a wide range of cruds (of varying crud 
thicknesses and chimney separations), is actually less than, or similar to, the 
water-side boundary layer temperature drop. Bearing in mind that, in wick 
boiling, heat is released into the coolant flow in the form of latent heat, then this 
could be regarded as being a process in parallel with the sensible convective heat 
transfer from the wet crud surface. This suggests that there is potential for the 
presence a crud with chimneys to actually reduce clad temperatures. 
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CHAPTER 9  
EFFECT OF VAPOUR GENERATION AT THE 
CRUD/CLAD INTERFACE  
 
In the studies described up to now in this thesis, it has been assumed that vapour 
generation occurs only at the surface of the chimneys in the crud. Vapour 
generation at the crud-clad interface in regions away from the chimneys has been 
neglected by taking into account the assumption that vapour formation is 
suppressed due to a very small pore size of the crud. However, it is quite 
possible that the temperature at the crud-clad interface may be sufficient (and the 
pore size of the crud large enough) to generate a stable vapour bubble. This 
vapour bubble will exist in the crud as long as its internal pressure is greater than 
or equal to the capillary pressure.  
The presence of a vapour layer near the clad surface could have significant effect 
on the results. Firstly, the effective thermal conductivity of the crud would be 
reduced by the presence of such a vapour layer. Secondly, the vapour would 
flow towards the chimney and join the vapour produced at the chimney surface.  
This Chapter describes analytical and computational work aimed investigating 
the existence and behaviour of a vapour layer formed at the crud-clad interface. 
Section 9.1 explores the conditions for the formation of such a vapour layer and 
Section 9.2 describes the model used to calculate the effects of such a layer. The 
results are presented and discussed in Section 9.3 and Section 9.4 presents some 
conclusions from this exercise. 
9.1 Conditions for Formation of a Vapour Layer at The Crud-
Clad Interface 
The crud has a porosity of about 80% and the pore size of the porous matrix is 
about 0.1 microns (Macbeth (1971), Cohen (1974)). The crud forms natural 
cavities at which vapour generation and growth can begin at temperature much 
lower than the homogeneous nucleation temperature. The homogeneous 
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nucleation temperature is an upper limit of temperature at which bulk water can 
exist as a liquid. 2D modelling using a uniform distribution of steam chimneys 
(as described in previous Chapters) predicts that the temperature at the centre 
between two chimneys is higher than that near the chimney face (though this 
temperature is not very high it is still sufficient to produce a vapour bubble in 
the pore of the crud).  
 If steam formation is to occur at the crud-clad interface, it is most likely that a 
steam bubble would form in this region of high temperature. For a bubble to be 
stable inside the crud, its internal saturation pressure (and hence temperature) 
must be sufficient to overcome the capillary pressure due to the curvature of the 
bubble in the pore of the crud. The vapour pressure inside a spherical bubble of 
radius 
 
r
b
 is given as: 
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bubble, !  is the surface tension and 
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 is the radius of the bubble. For the present 
study, the capillary pressure for a pore size of 0.1 micron is about 2 bars. 
Collier, et al. (1996) derived an equation, using the Clausius-Clapyeron relation, 
for the degree of superheat required with in the bulk of the liquid or at the solid-
liquid interface to form a stable bubble of radius 
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where 
 
T
f
 is the temperature of the superheated liquid, 
 
T
sat
is the saturation 
temperature of water,  R  is the universal gas constant, 
 
h
fg
is the vaporization 
enthalpy and 
 
p
f
is the pressure of the fluid. Using the parameters values given in  
Table 9.1, Figure 9.1 shows the variation of the degree of superheat needed for 
the onset of nucleation as a function of the bubble radius 
 
r
b
. 
At PWR conditions (where the saturation temperature is 618 K), for a cavity size 
of 0.1 microns the temperature required for the vapour growth is around 620 K. 
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Thus, a vapour layer would exist at the crud –clad interface if the temperature 
exceeded this value (620 K) at this location. This vapour layer would extend 
upwards from the crud-clad interface until the temperature had fallen (due to the 
conductive heat flux through the crud) to this critical value. Note that the above 
calculations, for the degree of superheat, are based on the assumption that there 
is no solute in the water. However, at PWR conditions, a very high solute 
concentration would exist in the crud, which would affect both the surface 
tension and saturation temperature of the water. 
 
 
Figure 9.1 
The degree of superheat needed for the onset of nucleation as a function of the 
bubble radius. 
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9.2 Description and Geometry of The Evaporation Model 
In order to investigate the effect of bubble formation in the crud, the present 2D 
model has been modified and a vapour layer adjacent to the heating surface is 
assumed. At a high enough heat flux (and hence crud-clad interface temperature) 
vapour formation will start near the clad surface and, as discussed above, a 
vapour layer will be formed and extend outwards into the crud to the point 
where the saturation pressure of the vapour is equal to the capillary pressure or 
where the temperature is equal to the minimum temperature required to form a 
vapour bubble in the crud.  
 A full analysis of this (highly complex) situation was not feasible in the timescale 
of the work described in this thesis. However, the potential influence of such a 
vapour layer was explored by making the simplifying assumption of a vapour –
filled layer of fixed thickness at the crud-clad interface. The thickness of this 
vapour layer is chosen from the knowledge of the temperature distribution at the 
symmetry plane (see chapter 7) and would be equal to the distance from the 
clad-crud interface to the point in the crud where temperature is equal to the 
minimum temperature required for the onset of nucleation. Plainly, under these 
conditions, evaporation will occur both at chimney face and at the vapour-liquid 
interface within the crud. This vapour-filled layer will act like an extension of the 
steam chimney and vapour flow will occur through the layer to the chimney 
face. However, heat will flow by conduction through this vapour-filled crud 
layer (though the conductivity will be less than that for a liquid-filled crud). An 
idealized sketch of this phenomenon is shown in Figure 9.2. The governing 
equations of heat, fluid flow and species concentration are the same as those 
used in Chapter 3. However, the domain and boundary conditions have been 
modified due to take account of the existence of a vapour layer near the clad 
surface. The solution domains (indicated in grey), governing equations and 
boundary conditions for each of the three governing equations are shown in 
Figure 9.3. 
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Figure 9.2 
Schematic of the wick boiling process with a vapour layer at the bottom of crud. 
 
 
 
Figure 9.3 
Solution domain, governing equations and boundary conditions for the vapour 
layer analysis. 
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Table 9.1 
 Parameters values used for the vapour layer analysis. 
 
Parameters Units Present 
Work 
Crud thickness  µm 35 
Vapour layer thickness µm  5 
Chimney centres µm 20 
Chimney diameter  µm  5 
Crud porosity % 80 
Crud / water mean conductivity W m-1K-1 0.69 
Crud / vapor mean conductivity W m-1K-1 0.24 
Heat Flux MWm-2 1.2 
System pressure MPa 15.5 
Tortuosity  0.4 
Coolant boron concentration ppm (gm-3) 1200 (4637) 
Coolant heat transfer coefficient W m-2K-1 1.2E04 
Bulk coolant temperature K 590 
Surface tension Nm-1 5E-03 
Universal gas constant J.mol-1K-1 8.314 
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9.3 Results and Discussion 
In this section the results for temperature and species concentration distribution, 
obtained with a vapour layer near the heating surface, has been presented. Note 
that the coupling of solute concentration with saturation temperature is not 
considered here and the 2D model is run in an uncoupled form. Also, a constant 
heat flux is assumed at the crud-clad interface. The results are compared with the 
original model with no vapour layer near the heating surface. The values of the 
parameters used for the present analysis are given in Table 9.1.  
9.3.1 Temperature Distribution 
The presence of a vapour layer under the crud increases the temperature when 
compared with the case where such a layer is absent. With a vapour layer, the 
temperature difference across the crud is about five times greater than that 
without a vapour layer. The temperature differences across the crud layer with 
and without a vapour layer (but with evaporation on the wetted part of the 
chimney surface) are about ~32 K and ~6 K respectively. It should be noted that 
even though the presence of a vapour layer increases temperature underneath 
the crud, still this temperature difference is far less than the value (around 60 K) 
computed if it assumed that (in the absence of the wick boiling mechanism) all 
the heat is conducted through a wet crud to the crud/coolant interface. These 
results suggest that wick boiling is still the dominant mode of heat transfer even 
in the presence of a vapour-filled layer. 
The results from this preliminary analysis are presented in Figure 9.4 to Figure 
9.7.  In Figure 9.7, it should be noted that some of the temperatures at the vapour 
liquid interface are predicted to be higher even than the nucleation temperature 
(620 K), especially at the symmetry plane. This non-physical effect results from 
the fact that a uniform vapour layer thickness has been assumed in this 
approximate analysis. In actual fact, the vapour layer will grow locally until 
equilibrium between saturation pressure and capillary pressure is achieved.  
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This process may be associated with the formation of new vapour chimneys; this 
would be consistent with the observations of Macbeth (1971), which states that 
chimney population, increases by increasing the heat flux.  
In Figure 9.8, the calculated heat flux vectors are presented. Note that most of the 
heat escapes through the wet crud into the chimney. Figure 9.9 shows the 
distribution of heat flux at the chimney face. It can be seen that maximum heat 
flux is at the chimney wall near the liquid-vapour junction. This peak heat flux is 
about 5 times greater than the heat flux at the crud-clad interface.  
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Figure 9.4 
Temperature distribution through thickness without a vapour layer.  
 
 
 
 
Figure 9.5 
Temperature distribution through thickness with a vapour layer.  
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Figure 9.6 
Temperature distribution in the radial direction (at clad-crud interface)  
without a vapour layer.  
 
 
Figure 9.7 
 Temperature distribution in the radial direction with a vapour layer.  
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Figure 9.8 
Heat flux vectors with vapour formation at the bottom of the crud. 
 
 
Figure 9.9 
The distribution of heat flux from the crud and vapour layer. The wet crud is 
indicated by the grey rectangle and dry crud by white rectangle. The graph to the 
left of the crud shows the heat flux into the chimney surface by evaporation. The 
upper graph shows the heat flux associated with normal single-phase convection 
into the main coolant flow. 
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9.3.2 Solute Concentration Distribution 
The formation of a vapour layer alters the flow conditions within the crud. It not 
only changes the flow direction but also increases the strength of flow inside the 
wet crud. Without a vapour layer, liquid soaks into the wet crud and evaporates 
at the chimney face; with a vapour layer, liquid evaporates both at the chimney 
face and at the bottom of the crud. The mass flow rate of water into the crud is 
equal to the power to be dissipated in the area of the fuel surface associated with 
the chimney being modelled, divided by the latent heat of evaporation. The 
vapour layer increases the axial component of coolant flow through the crud 
significantly as is seen by comparing Figure 9.10 and Figure 9.11.  This increased 
flow velocity brings more dissolved solute within it. Consequently, species 
concentration increases quite significantly at the chimney face, near the clad 
surface. 
As is shown in Figure 9.12 to Figure 9.15, the solute concentration near the clad 
interface is about 3 times higher than that calculated for the case without a 
vapour layer. The concentration factor (ratio of maximum concentration to bulk 
concentration) with and without a vapour layer near the clad surface is about 195 
and 65 respectively. 
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Figure 9.10 
Coolant velocity vectors without a vapour layer. 
  
 
 
Figure 9.11 
Coolant velocity vectors with a vapour layer. 
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Figure 9.12 
Solute concentration distribution through thickness without a vapour layer.  
 
 
 
Figure 9.13 
Solute concentration distribution through thickness with a vapour layer. 
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Figure 9.14 
 Solute distribution in radial direction (at z=0) without a vapour layer.  
 
 
Figure 9.15 
Solute distribution in radial direction (at vapour-liquid interface) with a  
vapour layer.  
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9.4 Conclusion 
The existence of a vapour layer at the crud-clad interface reduces the fuel 
thermal performance by increasing the temperature difference across the crud. It 
also changes the direction and strength of the coolant flow through the crud. The 
approximate calculations reported here suggest around a threefold increase of 
specie concentration for the case with a vapour layer compared to that calculated 
for the case without a vapour layer. Clearly, vapour formation at the crud-clad 
interface is a potentially important effect which could have a significant role in 
solute transport (and therefore AOA) and in determining fuel temperature (and 
hence fuel corrosion). In future work, it would appear justified to investigate in 
much more detail, relaxing the assumptions of the approximate analysis reported 
here.  
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CHAPTER 10 
CONCLUSIONS AND  
RECOMMENDATIONS FOR FURTHER WORK 
 
A two-dimensional model for heat and mass transfer in porous crud deposits has 
been developed. The model embodies the three principal processes involved, 
namely (1) heat transfer through the wet crud,(2) liquid flow to, and evaporation  
at the faces of  chimneys formed in the crud and (3) advection and diffusion in 
the crud of species dissolved in the liquid. These three processes are coupled 
together and it is important to consider this coupling. Heat is transferred via 
latent heat of vaporization at chimney faces and (less significantly) through 
conduction through the crud to the crud-coolant interface. The vaporization at 
the chimney face depends upon the local saturation temperature of the liquid. 
The saturation temperature depends upon the dissolved species concentration 
and this concentration depends upon the transport of this species by diffusion 
and advection in the liquid in the pores of the crud. The rate of fluid flow 
depends upon the rate of heat loss through chimney face. Each process has a 
differential equation that is coupled with the other equations via suitable 
boundary conditions. An iterative procedure has been developed to solve the set 
of coupled equations. The following conclusions have been drawn from the 
present study: 
 
(1) The wick boiling mechanism (i.e. the capillary transport of liquid to the 
chimney faces where it evaporates) is the dominant mode of heat 
transfer in PWR crud layers and accounts for more than 80% of the 
heat flux from the fuel clad (the rest of the heat being removed by 
conduction through the crud). 
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(2)  With no net flow of dissolved species at the chimney wall, the highest 
concentration of solute exists at the chimney face near the clad surface 
where the highest evaporation rate occurs.  
(3)  The highest clad temperature occurs at the symmetry plane (centre 
between two chimneys) and minimum temperature occurs at the 
chimney face and the crud-coolant interface. 
(4) The higher concentration of solute at the chimney face raises the 
boiling point of the liquid, which changes the evaporation rate at the 
chimney face and consequently changes the thermal performance of the 
crud. Taking account of the coupling of saturation temperature and 
solute concentration at the chimney face has a significant effect on the 
thermal performance of the crud-coated fuel.  
(5) Some condensation of vapor along the upper part of chimney has also 
been predicted. This condensation process is very sensitive to the 
thermal hydraulic conditions of the primary coolant (single-phase heat 
transfer coefficient and bulk water temperature). However, the 
maximum clad temperature is not influenced by the degree of sub-
cooling. These findings are in line with the experimental observations 
of Macbeth (1971) who found that the wall superheat was not affected 
significantly by the degree of sub-cooling and heat transfer coefficient 
of the coolant. 
(6) The two-dimensional approach significantly changes the temperature 
and solute concentration distribution in the crud when compared with 
results obtained using a 1D model. There exist two dimensional  
variations of temperature and solute in the crud whereas the 1D model 
only predicts the through-thickness variation and does not account for 
the radial variations and assumes the same temperature and solute 
concentration at chimney face and at symmetry plane. 
(7) The inclusion of lateral conduction in the clad in the heat transfer 
analysis changes the temperature and solute distribution in the crud 
considerably. A lower wall superheat and slightly higher solute 
concentration has been observed with the clad included. The higher 
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thermal conductivity of the clad results in the heat flux being 
concentrated at the junction of the chimney wall and the heating 
surface.  
(8) At the clad-crud interface, both temperature and solute concentration 
decreases with increasing chimney population. 
(9) For a constant chimney density, the dissolved species concentration at 
the clad-crud interface increases with increasing chimney radius, with 
increasing crud thickness, with increasing heat flux and with increasing 
solute concentration in the bulk primary coolant. 
(10) For a constant chimney density, the temperature at the crud-clad 
interface increases with decreasing chimney radius, with increasing 
heat flux with increasing crud porosity, with increasing crud thickness 
and with increasing boron concentration in the primary coolant. 
(11) Using the wick-boiling model, it has been possible to estimate the 
“effective thermal conductivity” of porous crud as a function of 
chimney separation and crud thickness. It is helpful to express the 
results in this “effective conductivity” form in the context of overall 
estimates of fuel performance.  
(12) Though most models for crud heat transfer have assumed that 
evaporation occurs only at the faces of the chimneys, there is a 
possibility that, at high enough heat fluxes, vapour could be formed in 
the pores adjacent to the crud-clad interface in the region between the 
chimneys. A preliminary investigation of the effects of such vapour 
formation has been carried out using the simplifying assumption of a 
vapour layer of constant thickness at the crud-clad interface. The 
presence of this vapour layer was found to increase the flow strength, 
the temperature and the species concentration in the crud. This may be 
associated with the formation of new chimneys in the crud. At PWR 
conditions, these high temperatures have not been observed in the crud 
which suggests that vapour formation at the bottom of the crud may be 
a transient phenomena. Moreover, higher concentration of solute will 
also increase the degree of superheat required for the onset of the 
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boiling process. These effects have not been implemented in the present 
analysis. 
 
10.1  Recommendations For Further Work  
There seems to be much scope for the further development, extension and 
validation of the modelling approach described in this thesis. Specific areas of 
further work in this context might include the following:  
(1) The application of the modelling methodology to the prediction of the  
the axial offset anomaly (AOA) phenomenon in specific PWR conditions. 
This would involve coupling of the present models with ones for the 
neutronic behaviour.  
(2) Corrosion of the clad material (typically Zircalloy) will be affected by 
clad temperature and boric acid concentration.  Since both these are 
predicted for crudded surfaces by the present models, there seems to be 
scope for coupling these to clad corrosion models and comparing the 
predictions with experimental corrosion measurements. .  
(3)  There seems to be much scope for modelling the detailed chemical 
behaviour of materials in the crud pores. In  the 1D models described by  
Henshaw, et al. (2006), a much more detailed description of the chemical 
behaviour was included than was attempted in the present models.  This 
description included ionization of water, metal ion hydrolysis, boric acid 
equilibrium, precipitation and dissolution of different species and the 
radiolysis chemistry of water. Electrical potential gradients were also 
included. It is obviously desirable to include some or all of these chemical 
effects in the present 2D model and it is suggested that this should be a 
priority for further work.  
(4) The formation of vapour at the crud-clad interface at locations remote 
from the chimneys was investigated in an approximate manner in the 
present work (see Chapter 9). It seems likely that circumstances will exist 
where such vapour formation will occur and a much more detailed model 
for this case is required. Moreover, for the conditions required to form a 
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vapour inside crud, the effect of dissolved species on surface tension of 
water needs to be included. Currently this data is not available. 
(5) It would be very desirable to conduct experiments in which aspects of 
crud deposition, wick boiling and solute concentration could be 
investigated. The design of realistic experiments represents a formidable 
challenge but this should nevertheless be faced!  One possibility might be 
to use rotating cell device such as the one described by Young, et al. 
(2009); in this device, simulated flow conditions are obtained by rotating a 
surface around a stationary surface on which fouling is occurring.  
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APPENDIX A: NORMALIZATION OF LAPLACE 
EQUATION 
 
This section describes the procedure, how to normalize the Laplace equation for 
heat and fluid flow analysis. 
A.1 Normalization of Laplace Equation For Heat Transfer 
Analysis  
For normalization, we will take 
 
R
o
 as a characteristic length and non-
dimensionalize the  r  and the  z coordinate as follows.  
 
 
!r =
r
R
"
 (A.1) 
 
 
!z =
z
R
"
 (A.2) 
where 
 
R
o
 is the outer radius of the porous shell. 
Laplace equation for temperature distribution can be written as: 
  !2T = 0  (A.3) 
The temperature is normalized as follows: 
 
 
!T !r , !z( ) =
T r,z( ) ! Tb
T
sat
! T
b
 (A.4) 
where Tsat and Tb are saturation temperature and bulk temperature respectively. 
The dimensionless laplace equation will become as follows; 
  !2 !T = 0  (A.5) 
The normalized thermal conductivity can be defined as follows: 
 
 
!k =
k
h
c
R
"
 (A.6) 
where 
 
h
c
is the heat transfer coefficient in the coolant.   
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A.2 Normalization of Laplace Equation For Fluid Flow 
Analysis 
Laplace equation for pressure distribution can be written as: 
  !2P = 0  (A.7) 
Pressure can be normalized as follows: 
 
 
!P !r , !z( ) =
P r,z( ) ! Pb
P
sys
! P
b
 (A.8) 
Where Psys is the system pressure and Pb can be defined as: 
 
 
P
b
= 0.99* P
sys
 (A.9) 
The dimensionless laplace equation for pressure distribution takes the form as 
follows; 
  !2 !P = 0  (A.10) 
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